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INTRODUCTION 
During the last two to three decades extensive research on the role 
of short-chain or volatile fatty acids (VFA) in ruminants has supplied 
valuable information on production, absorption, metabolism and utilization 
of these fatty acids. Acetic, propionic and butyric acids, produced by 
microbial fermentation from dietary carbohydrates in the forestomachs, 
represent a major energy source for ruminant animals. These acids are 
absorbed directly from the forestomach compartments into the portal circu­
lation. However as they traverse the forestomach walls they are subjected 
to metabolic activity of the epithelial tissue. Thus nearly all of the 
absorbed butyrate may be metabolized by the epithelium to produce ketone 
bodies which then enter the portal system. 
Metabo] studies with isolated epithelium have shown that this 
tissue also may utilize acetate and propionate, although not to the same 
extent as butyrate. Apparently in the living ruminant either a large 
majority or all of the absorbed acetate and propionate reach the portal 
circulation unchanged. Results by a few investigators, however, indicated 
that the forestomach epithelium may metabolize a portion of the absorbed 
propionate with a possible conversion to lactate. The extent of this 
metabolism is still unknown. Therefore, an experiment was designed to 
quantitatively measure the metabolism of propionate and butyrate during 
their absorption from the ruminoreticulum of cattle. 
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REVIEW OF LITERATURE 
Research on the absorptive and metabolic activities of the fore-
stomach epithelium of ruminants revealed that this tissue apparently 
exhibits a preference in the rate of absorption and extent of metabolism 
of the major VFA in the order of butyric > propionic > acetic. As the 
literature was critically reviewed it became apparent that the relative 
rates at which individual VFA are absorbed from the forestomachs are pH 
dependent. In this literature review the preferential metabolism of the 
VFA by the forestomach epithelium will be discussed using results from 
in vitro studies, and the extent of metabolism of the three VFA in the 
live ruminant will be evaluated quantitatively. 
Preferential VFA absorption. VFA concentration and pH in the 
ruminoreticulum are two major factors controlling the rates at which 
acetic, propionic and butyric acids are absorbed. When absorption rates 
of the individual acids are expressed as a percentage of the molar amounts 
of each VFA present, relative rates of absorption are obtained. It is 
generally agreed that at acid pH the VFA are absorbed at relative rates 
in the order of butyric > propionic > acetic (Sutton, McGilliard & 
Jacobson, 1963a). Danielli, Hitchcock, Marshall & Phillipson (1945) re­
ported this order to be reversed at alkaline pH in the rumen. Williams 
& Mackenzie (1965) found that the relative rates of absorption of acetate, 
propionate and butyrate were in the generally accepted order at pH 5, but 
that the relative rates were about equal at pH 7.5. Aafjes (1967) re­
ported VFA absorption from the rumen of cows at pH values of about 4, 5, 
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6, 7 and 7.8. Relative absorption rates calculated from his data also 
indicated that the marked differences in the individual rates at which 
acetic, propionic and butyric acids were absorbed at pH 4 tended to de­
crease as the pH of the VFA solutions was raised to 7.8. This trend 
confirms the observation by Williams & Mackenzie (1965). 
Thus at pH below 7 in the ruminoreticulum VFA can be expected to be 
absorbed at relative rates in the order butyric > propionic > acetic. This 
is the order of their relative tissue permeabilities (Danielli ejt al. 
1945). However Stevens & Stettler (1966b) pointed out that it is also 
the order of the rates of their metabolism by the ruminai epithelium. They 
measured VFA transport from an equimolar mixture of the three VFA, at pH 
7.4, and found the rates of transport across the epithelial tissue to be 
in the order of acetate ^ propionate >> butyrate. They admitted that this 
order may reflect relative tissue permeabilities to the anions of these 
acids, on the basis of molecular weights. But since it also represented 
the inverse order of the rates of metabolism of the VFA by the epithelium, 
they postulated that at alkaline pH the extent of metabolism of the VFA 
may be the more important factor regulating the relative rates of trans­
port across the epithelial tissue. 
Preferential VFA metabolism in vitro. Results of ^  vitro studies 
with epithelial tissue from ruminant forestomachs show a preferential 
metabolism of the individual VFA in the order of butyric > propionic > 
acetic. Although most in vitro investigations on VFA metabolism by the 
epithelium have used tissue from the rumen, several studies showed that 
mucosa of the reticulum and omasum have comparable metabolic activities 
4 
(Baird, Hibbit & Lee, 1970; Hird & Symons, 1959, 1961; Joyner, Kesler & 
Holter, 1963; Onodera, Tsuda & Umezu, 1964). 
Tissue incubations. Pennington (1952) published the first report 
showing that acetate, propionate and butyrate are metabolized during incu­
bations with epithelium of sheep forestomachs. He found that the rate of 
butyrate metabolism was considerably faster than that of either acetate 
or propionate. In the absence of carbon dioxide the rumen epithelium 
utilized acetate at least as rapidly as propionate. However in the 
presence of carbon dioxide the rate of propionate uptake nearly doubled 
and exceeded that of acetate. This preferential vitro utilization of 
VFA in the order of butyrate > propionate > acetate was later confirmed by 
other investigators (Smith, Goetsch & Jackson, 1961; Sutton, McGilliard, 
Richard & Jacobson, 1963b; Walker & Simmonds, 1962). 
Seto, Tsuda & Umezu (1955) and Sasaki (1969a, b) also reported 
butyrate to be utilized at the fastest rate among the three VFA, but 
usually found a greater vitro rate of metabolism for acetate than for 
propionate. However in only one of these studies (Sasaki, 1969b) was the 
incubation of the tissue conducted in the presence of carbon dioxide. In 
this study metabolic activity of the rumen epithelium was possibly de­
pressed, since some difficulty was experienced in isolating the tissue. 
Furthermore, the tissue was immersed in ice-cold Krebs-Ringer solution 
before the incubations. Hodson, Thomas, McGilliard, Jacobson & Allen 
(1967) observed that immersing rumen mucosa froui calves in 0°C Krebs-
Ringer solution before incubation depressed butyrate and propionate 
utilization by the tissue. Indeed, the VFA utilization rates reported by 
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Sasaki (1969b) are markedly lower than those he reported earlier (Sasaki, 
1969a) for rumen epithelium of 13week-old calves. 
Manometric studies. Preferential metabolism of VFA by rumen 
epithelium is also apparent from manometric studies. The respiratory rate 
of this tissue, incubated under a 100% 0^ atmosphere, markedly increased 
with the addition of butyrate, but not with the addition of propionate or 
acetate (Pennington, 1954; Seto, Tsuda, Ambo & Umezu, 1957; Smith et al. 
1961). Under an atmosphere of 5% C02-95% 0^ propionate also stimulated Og 
uptake of the epithelium (Pennington, 1954). The 0^ consumption increased 
when any two of the VFA were added together to the tissue (Seto e£ al. 
1957; Smith ^  al. 1961). It appears that the tricarboxylic acid cycle 
must be functional for acetate and propionate to stimulate 0^ consumption 
of the epithelium, but not for butyrate (Seto et al. 1957). Hird & 
Weidemann (1964b) showed that ketone body production from butyrate was 
correlated with the 0^ uptake of rumen mucosa. The conversion of butyrate 
to acetoacetate does not involve intermediates of the tricarboxylic acid 
cycle, but requires a functional electron transport system to maintain a 
favorable [NAD+]/[NADH] ratio. 
Perfusion studies. Blood perfusions through isolated rumens have 
been used to measure VFA production, absorption and metabolism (Brown, 
Davis, Staubus & Nelson, 1960; McCarthy, Shaw, McCarthy, Lakshmanan & 
Holter, 1958). Brown et al. (1960) pointed out that it is difficult to 
obtain physiological blood flow rates in rumen perfusions. Anoxia may 
result from low blood flow rates and shift tissue metabolism toward 
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glycolysis (Cook & Miller, 1965). McCarthy et a^. (1958) and Brown 
et al. (1960) indeed reported appreciable glucose disappearance and lac­
tate accumulation in blood perfused through isolated rumens. Anoxia of 
rumen epithelium has been found to depress VFA absorption and diminish the 
metabolic activity of the tissue (Hird & Weidemann, 1964a; Stevens & 
Stettler, 1966a). Thus it is not surprising that McCarthy et (1958) 
and Brown (1960) observed in their perfusion experiments that 
acetic, propionic, and butyric acids were absorbed from the rumen as such 
and that the level of ketone bodies in the perfused blood was low. 
Enzyme studies. Cook, Liu & Quraishi (1969) studied acyl-CoA 
synthetase activities of several bovine tissues. They found that the 
acyl-CoA synthetase of rumen epithelium was most active on butyrate, less 
active on propionate and least active on acetate. This observation is 
consistent with the results of ^  vitro studies showing a preferential 
metabolism of VFA in the order of butyrate > propionate > acetate, and 
also with results of ^  vivo investigations that will be reviewed later. 
Since rumen muscle had only marginal enzyme activities, VFA metabolism, 
or at least the activation step, appears to be restricted to the 
epithelium. The activation of acetate, propionate, and butyrate can serve 
as an important step in the regulation of VFA metabolism (Cook e^ al. 
1969). Mayfield, Smith & Johnson (1965) showed the formation of acetyl-
CoA to be the rate-limiting step in the metabolism of acetate by sheep 
liver homogenates. 
Extent of VFA metabolism in vivo. Biochemical studies with isolated 
forestomach epithelium have provided evidence and a possible explanation 
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for the preference exhibited by this tissue in its metabolism of VFA. 
But these vitro observations may not reflect metabolic activities under 
normal physiological conditions of live ruminants. Therefore, in vivo 
investigations and a few ^  vitro findings will be discussed to evaluate 
the extent to which butyrate, propionate and acetate are metabolized dur­
ing their absorption from the forestomachs. 
Butyrate. In vitro studies showing extensive metabolism of 
butyrate by forestomach epithelium have been confirmed by investigations 
on living ruminants under normal management conditions. Annison, Hill & 
Lewis (1957) observed either a low concentration or a complete absence of 
butyrate in the portal blood of sheep fed different diets, despite the 
fact that concentrations of butyrate in the rumen were as high as 40mmol/l. 
Other workers also found only insignificant levels of butyrate in ruminai 
or portal vein blood of sheep, goats and cattle fed various practical 
diets (Cook & Miller, 1965; Sasaki, Takeshita, Watanabe & Asai, 1969; 
Shoji, Miyazaki & Umezu, 1964). All these studies indicate a nearly 
complete metabolism of butyrate during its absorption from the fore-
stomachs. 
Ramsey & Davis (1965) studied butyrate metabolism in two anesthetized 
goats and found that possibly as much as 80-85% of the butyrate was 
metabolized during its passage across the rumen wall. g-Hydroxybutyrate 
was the major metabolite. Hodson, McGilliard, Jacobson & Allen (1965) 
measured the extent of butyrate metabolism in two calves. They added a 
modified Krebs-Ringer solution containing [3-^^C]butyrate (20mmol/l) into 
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the empty and washed ruminoreticuliim of the animals and found that ketone 
bodies, primarily 3-hydroxybutyrate, and VFA could account for about 100% 
of the total radioactivity present in blood from the portal vein and 
carotid or femoral artery. Since usually less than 4% of the radioactivity 
was associated with the VFA fraction of the portal blood, and butyrate 
levels were never larger than 0.05mg/100ml of blood, they concluded that 
the conversion of butyrate to acetate must have been less than 4%. These 
results indicate nearly complete conversion of butyrate to ketone bodies 
during absorption from the ruminoreticulum. 
Ramsey & Davis (1965) also found evidence that acetate may be a pro­
duct of butyrate metabolism in live goats. After intravenous injection of 
[l-^^C]butyrate the total radioactivity associated with acetate per unit 
volume of blood was higher in the ruminai vein than in the carotid artery. 
Stevens & Stettler (1966b) reported that during the transport of VFA across 
rumen epithelium ^  vitro the amount of butyrate metabolized to products 
other than ketone bodies appeared to be about 10%. 
It is possible that a part of the butyrate is completely oxidized to 
carbon dioxide by the forestomach epithelium. Taylor & Ramsey (1965) sug­
gested that some butyrate is metabolized to acetate and then oxidized via 
the tricarboxylic acid cycle. Evidence for this was obtained from in vitro 
incubations of rumen epithelium with propionate and [l-^^C]butyrate. The 
label of butyrate was incorporated into lactate produced from propionate. 
Thus they postulated that the label entered lactate either through succinyl-
CoA, an intermediate in the tricarboxylic acid cycle common to both 
butyrate and propionate metabolism, or through the fixation of 
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arising from the oxidation of butyrate. This work confirmed a similar ob­
servation made on butyrate metabolism of goats in vivo (Ramsey & Davis, 
1965). However the evidence provided by these authors for butyrate oxida­
tion to acetate and carbon dioxide is inconclusive, since during the con­
version of [l-^^C]butyrate to ketone bodies a portion of the label may be 
exchanged with acetate, and acetoacetate may spontaneously decarboxylate 
to acetone and (Hird & Symons, 1961). From the available information 
it is, therefore, difficult to evaluate the extent of butyrate oxidation to 
carbon dioxide vivo. Leng & Annison (1964) studied the metabolism of g-
hydroxybutyrate by various sheep tissues. They found liver and rumen 
epithelium to have the least capacity to oxidize g-hydroxybutyrate, the ma­
jor product of butyrate metabolism vivo. 
When Stevens & Stettler (1966a) measured butyrate transport across iso­
lated rumen epithelium, they found that increased concentrations of either 
total or undissociated butyrate stimulated its absorption by the tissue. 
However the faster rate of butyrate absorption did not result in a greater 
production of ketone bodies, but rather in an increased transport of buty­
rate as such across the rumen epithelium. The authors suggested that the 
enzyme systems responsible for butyrate metabolism were already saturated 
at the slower rate of butyrate absorption. Baird et (1970) measured 
the enzyme activities involved in the formation of ketone bodies from buty­
rate in bovine tissues. They found that g-hydroxy-g-methylglutaryl-CoA 
synthase was the least active of the enzymes involved in the production of 
ketone bodies by rumen epithelium via the B-hydroxy-3-methylglutaryl-CoA 
pathway and therefore suggested that this enzyme is rate-controlling for 
physiological ketogenesis in this tissue. 
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Several investigations with live animals appear to support the view 
that at higher rates of absorption a portion of the absorbed butyrate may 
escape metabolism by the rumen epithelium and enter the portal circulation. 
Cook & Miller (1965) added Imol of butyrate to the rumen of mature ewes and 
found that g-hydroxybutyrate did not increase in ruminai or portal vein 
blood in the amounts expected. But they observed butyrate levels as high 
as 6.89mmol/l in the ruminai vein and appreciable butyrate concentrations 
in portal and hepatic veins. Similarly, Annison ^  al. (1957) added up 
to 350mmol of butyrate to the rumen of sheep in a single dose or in several 
hourly doses. They found a good correlation of the butyrate concentra­
tions in portal blood with the butyrate levels in the rumen, but only a 
low correlation between portal ketone concentrations and rumen butyrate 
levels. In the investigation by Hodson e^ (1965), in which a solu­
tion containing a physiological level of radioactive butyrate (20mmol/l) 
was added to the empty and washed ruminoreticulum, 17% of the radioactivity 
of the portal blood sample taken 5min after the butyrate administration was 
associated with the VFA fraction of the blood in comparison to less than 
4% in all later blood samples. The authors postulated that the sudden 
introduction of the butyrate solution possibly overloaded the metabolic 
system involved in ketogenesis from butyrate in the rumen epithelium al­
lowing butyrate as such to enter the portal circulation. 
Acetate and propionate. In vivo, acetate and propionate are 
apparently absorbed and then transported largely unchanged into the portal 
circulation to be removed by hepatic and extrahepatic tissues of the 
ruminant animal (Cook & Miller, 1965). The forestomach epithelium has, 
however, the capacity to metabolize acetate and propionate as shown by 
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biochemical studies with isolated tissues. However the literature contains 
insufficient information to quantitatively evaluate the extent to which 
these two acids could be utilized during their absorption by the fore-
stomach epithelium. 
Leng & West (1969) determined the contribution of fatty acids to 
ketone body synthesis in sheep and estimated that less than 5% of the 
rumen acetate was converted to ketone bodies. The low activity of acetyl-
CoA synthetase in rumen epithelium (Cook ^  1969) supports the view 
of Armstrong (1965) that acetate is metabolized in the rumen wall to only 
a limited extent. 
Bensadoun, Paladines & Reid (1962) reported that the ratio of [ace­
tate] /[propionate] was markedly wider in portal blood than in the rumen of 
fed sheep. This Indicated to them that propionate was metabolized more 
extensively than acetate during absorption. Evidence of this type is 
inconclusive unless adjusted for possible differences in the rates of 
absorption and corrected for acetate and possibly propionate recirculating 
in arterial blood. 
Ramsey & Davis (1965) injected [l"^^C]butyrate intravenously into 
adult goats and found that the specific radioactivity of lactate in 
ruminai vein blood was several times higher than in carotid artery blood. 
Lactate was labeled predominantly in the C-1 position. This meant, as 
already mentioned, that a portion of butyrate and propionate was metabo­
lized by the rumen epithelium via the tricarboxylic acid cycle. It 
indirectly also indicated that a portion of propionate was converted to 
lactate during its absorption from the rumen. Taylor & Ramsey (1965) 
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confirmed this conclusion when they showed ^  vitro that rumen epithelium 
14 incorporated the label of [1- C]butyrate only in the presence of propion­
ate. Up to 10% of the total radioactivity was associated with lactate, 
which had accumulated during the incubations and almost equaled the 
propionate uptake by the tissue. Leng & Annison (1963) found that in 
sheep liver propionate metabolism also leads to increased fixation of 
carbon dioxide arising from butyrate oxidation. 
Leng, Steel & Luick (1967) estimated that up to about 70% of the 
propionate used for glucose synthesis in continuously fed sheep was first 
converted into lactate. They proposed that the site of this conversion 
was the rumen epithelium. Waldem (1963) also suggested that propionate 
is metabolized during absorption by bovine rumen epithelium and that 
lactate was one of the major metabolites. Lactate accumulates during in 
vitro incubations of rumen epithelium with propionate (Pennington & 
Sutherland, 1956b; Taylor & Ramsey, 1965; Weigand, Young & Jacobson, 1967). 
Several investigators have reported that the level of lactate in ruminai 
or portal vein blood is higher than in peripheral blood (Ramsey & Davis, 
1965; Roe, Bergman & Kon, 1966; Shoji et al. 1964; Waldern, 1963). The 
precise origin of the lactate in most of these studies is unknown. In 
vitro studies showed that rumen epithelium can utilize glucose and convert 
it to lactate (Pennington & Sutherland, 1956a). In rumen perfusion ex­
periments already mentioned, the glucose concentration of the perfused 
blood greatly decreased, while the level of lactate markedly increased. 
Glucose utilization by gastrointestinal tissues in vivo were demonstrated 
by negative portal-arterial (P-A) differences in blood glucose (Bergman, 
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Katz & Kaufman, 1970; Katz & Bergman, 1969; Roe al. 1966). Positive 
P-A differences in lactate and pyruvate may be accounted for by negative 
P-A differences in glucose (Roe e^ al. 1966). 
Thus it is difficult to evaluate the extent to which propionate is 
metabolized vivo by forestomach epithelium. Since the conversion of 
propionate to lactate will yield a net gain of only one high-energy bond, 
this conversion may be of no great advantage to the rumen epithelium in 
supplying energy (Young, Thorp & De Lumen, 1969). 
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EXPERIMENTAL 
Materials. Polyethylene glycol 4000 (PEG, avg. mol. wt. 3000-3700), 
and gum arable were obtained from Matheson Coleman & Bell. The lactic 
dehydrogenase (a rabbit muscle preparation) and 3-hydroxybutyric dehydro­
genase (purified from Rhodopseudomonas spheroides) were from Boehringer 
Mannheim Corp. NAD was obtained from Sigma Chemical Company (3-NAD , 
grade III) . Chloroform was purchased from Mallinckrodt (Code 4440). All 
other reagents were of analytical grade. Silicic acid was processed by 
the method of Ramsey (1963). [2-^^C]propionate, purchased from Volk 
Radiochemical Corp., was checked for purity by partition chromatography 
(Ramsey, 1963). Propionic acid titration and radioactivity peaks coin­
cided, and impurities from other organic acids were found to be negligible. 
Animals. Three male Holstein calves weighing 225-250kg were used. 
They were fed about 2kg of concentrate daily (65% corn, 21% oats, 12% 
soybean oil meal, 2% minerals) and alfalfa or grass hay ad libitum. At 
least four weeks prior to the first trial with an animal, a 10cm i.d. rumen 
fistula was established in a two-stage operation (Dougherty, 1955). All 
further surgical preparations on each calf were performed during a later 
operation, at least two weeks prior to the first trial. An arterial 
catheter was established in the abdominal aorta by the method of Olson, 
Dougherty & Bond (1967). The portal vein of calf 6172 was catheterized 
via the mesenteric vein according to the method of Conner & Fries (1960). 
In calves 6184 and 6110 a hydraulic needle was implanted onto the portal 
vein by the technique of McGilliard (1971). A re-entrant cannula designed 
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and manufactured similar to the one described by Ash (1962) for sheep, 
was put into the duodenum about 10cm distal to the pylorus (Brown, 
Armstrong & MacRae, 1968). 
Test solutions. Five solutions containing 60% acetate, 25% propionate 
and 15% butyrate on a molar basis, and varying only in pH and total VFA 
concentration were prepared. The pH was adjusted with a mixture of NaOH; 
KOH (29:1 equimolar) to approximate the [Na'^]/[K^] ratio of 29 in plasma 
(Guyton, 1966). Details of the five test solutions used with the three 
calves in ten trials are a part of Table 1. All VFA solutions also con­
tained 300mg of PEG per 100ml as a volume marker. The propionate of all 
test solutions was labeled by adding about O.SmCi [2-^*^0]propionate. 
Experimental procedures. About an hour before each trial, the 
rumlnoreticulum of the calf was emptied of digesta through the rumen fistula 
and washed several times with small amounts of warm tap water. To reduce 
possible loss of absorptive ability of the epithelial tissue (Sutton et al. 
1963a), about 7 liters of non-radioactive VFA solution at 39°C were added 
to the rumlnoreticulum immediately after washing. This solution had a pH 
and composition identical to the radioactive VFA solution used during the 
trial with the exception of trials 7 and 10 in which the non-radioactive 
solutions had a total VFA concentration of only 150mmol/l. Next the re­
entrant duodenal cannula was disconnected and all digesta passing from the 
abomasum were collected till the end of the trial. 
When preparations for the trial were completed the non-radioactive 
VFA solution was r«:riioved from the rumlnoreticulum. About 4 liters from a 
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total of 18 liters of radioactive test solution at 39°C were placed into 
a container on a temperature-controlled stirrer. The remaining solution 
was poured into the ruminoreticulum, and this time recorded as Omin of the 
trial. During the trial, solutions in the container and the ruminoreticu­
lum were constantly cross-circulated at about 2 liters/min using a 
Sigmamotor pump wiùh Model JKl Zero-Max drive. The pH of the test solu­
tion in the container was continuously monitored with a pH meter and main­
tained -by the addition of 18% (v/v) HCl. No attempt was made to keep 
the VFA concentration constant. Samples from the test solutions were 
taken for VFA and PEG analysis initially and after 45 minutes of each trial. 
Blood samples of at least 76ml were withdrawn simultaneously via the 
portal and arterial catheters at 5, 10, 15, 20, 30 and 45min. Finally, 
an additional blood sample was obtained for the determination of analytical 
recoveries of blood constituents. 
After each trial the test solution in the ruminoreticulum was pumped 
out and the digesta returned. The time between trials with the same calf 
ranged from 5 to 10 days. 
Analyses on the test solutions. Concentrations of PEG and VFA were 
determined on samples of test solution taken before and after trials. The 
procedure of Malawer & Powell (1967) for PEG analysis was followed except 
for some modifications in deprotelnization. Protein-free solutions were 
prepared by consecutively adding and mixing 5vol. of 1.2% (w/v) BaClg'ZHgO, 
2vol. of 0.15M-Ba(OH)^and 2vol. of 5% (w/v) ZnSO^'THgO. The pre­
cipitate was removed by centrifugation at SOOOg^ for 15mln. Filtration of 
the supernatant was usually unnecessary. The emulsifying agent for the 
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PEG assay was gum arable (2mg/l). In each analysis, standard solutions 
of 150-500mg of PEG per 100ml were Included to find the linear relation­
ship between PEG concentration and recorded extinction. 
VFA concentrations were determined by gas-liquid chromatography using 
a Model 600 Aerograph Hy-Fi with hydrogen flame ionization detector and a 
Honeywell-Brown electronic recorder with disc chart integrator. A 2m 
column was packed with 15% FFAP (Wilkens Instrument & Research Inc.) 
coated on 60/80 mesh acid-washed chromosorb W using a fluidizer. Nitrogen 
was the carrier gas with a flow rate of 18ml/raln (gauge pressure latm). 
Injection temperature was 225°C and column temperature 145-150°C. As an 
Internal standard, 2ml of lOOmmol/1 Iso-valerate were added to 10ml of 
those test solutions with an initial concentration of 150 or 225mmol/l 
total VFA and 2ml of 50mmol/l iso-valerate to those of 75mmol/l total VFA. 
Then 2ml of 35% (w/v) metaphosphoric acid were added to acidify all VFA 
samples to about pH 2. After filtration the samples were kept at -20°C 
until analysis. 
A VFA standard with known molar distribution was used to establish 
the relative detector response between internal standard and other VFA. 
Then knowing the concentration of iso-valerlc acid, the concentrations of 
acetic, propionic and butyric acids could be calculated. 
Deprotelnlzation of blood. Immediately after withdrawing blood into 
heparinlzed syringes, 75ml were transferred into flasks containing 500ml 
of distilled water, 25ml of an iso-valerate standard and 75ml of 0.33M-
HgSO^. After the trial the protein was precipitated by the addition of 
75ml of 10% (w/v) NagWO^'ZHgO (Folln & Wu, 1919). Next the samples were 
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centrifuged at 8000^ for 15inln. The supernatants were filtered and 
divided into several portions for various analyses. 
Blood radioactivity. Aliquots of 1ml of protein-free blood filtrates 
were pipetted into counting vials. One drop of IM-KOH and 15ml of 
scintillator containing thixotropic gel powder (Casjens & Morris, 1965) 
were added and mixed. The samples were counted in a Packard Model 3002 
Tri Carb Liquid Scintillation Spectrometer. After correction for back­
ground and counting efficiency (using [^^C]toluene as internal standard) 
the radioactivity was expressed as d.p.m./ml of blood. 
Concentration of blood constituents. As in the VFA analysis of test 
solutions, blood propionate and butyrate concentrations were determined by 
gas-liquid chromatography using iso-valerate, added before blood deprote-
inization, as an internal standard. Blood samples taken from two of the 
calves did not contain more than a trace of iso-valerate. The internal 
standard eliminated the need for strict control of dilution factors dur­
ing sample preparation and chromatographic analysis. 
About 150ml of protein-free filtrate were made alkaline, freeze-dried 
and stored at 4°C for VFA analysis. The dry residues were dissolved in 
2-4ml of 5% (w/v) metaphosphoric acid and 1-3 drops of SM-HgSO^. Condi­
tions of gas-liquid chromatography were the same as in the VFA analysis 
of test solutions. A VFA standard included in each trial and processed in 
the same way as the blood samples showed relative detector responses 
identical to those of the untreated standard. 
Blood L-(+)-lactate was determined by the method of Hohorst (1965) 
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on protein-free filtrates. D-(-)-3-hydroxybutyrate concentration was 
measured by the enzymatic assay of Williamson & Mellanby (1965) except 
that all reagent volumes were reduced to one third for 1ml cuvettes. 
Acetoacetate plus acetone were distilled and colorimetrically assayed as 
described by Sutton et al. (1963b). The recovery of L-(+)-lactate, D-(-)-
6-hydroxybutyrate and acetone added to a blood sample before deproteinlza-
tion during each trial averaged 94.1% (±1.7 S.E.M.), 101.5% (±0.9) and 
93.9% (±0.5), respectively, for the ten trials. The concentrations of all 
blood metabolites were corrected for recovery except B-hydroxybutyrate, 
which was recovered quantitatively, and expressed as umol/1 of blood. 
Since absorption or secretion of fluid by the alimentary tract may 
cause heoodilution or hemoconcentration of portal blood (Roe et al. 1966), 
the hemoglobin concentration of all experimental blood samples was deter­
mined in triplicate by the technique of Kampen & Zljlstra (1961). The 
P-Â differences in hemoglobin content were found to be small and fall with­
in the range of error of analytical determination. Therefore, no correc­
tions were applied In computing P-A concentration differences of blood 
constituents. 
Specific radioactivity of blood propionate and lactate. About 350ml 
of protein-free blood filtrate were made alkaline, freeze-dried and stored 
at 4"C for chromatographic analysis of propionate and lactate. Blood 
organic acids were ether-extracted and partitioned on silicic acid columns 
(Ramsey, 1963). After analysis of a few samples from trials 1 and 2 re­
vealed that major radioactivity was associated only with propionic and 
lactic acids, the columns were not continued beyond the elutlon of lactic 
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acid. A 4:96 (v/v) solvent of tert.-butanol-chloroform, replacing the 
5:95 solvent mixture, was used to obtain a better separation of lactic 
from S-hydroxybutyric acid. 
Propionic and lactic acids were collected in 10ml fractions into 20ml-
scintillation vials. After adding 0.2ml of 0.1% (w/v) thymolphthalein in 
absolute ethanol to each fraction, the acids were titrated with standard­
ized ethanolic KOH (about O.OIM) while nitrogen was bubbled through the 
solvent. After adding more ethanolic KOH the solvent was evaporated. One 
ml of IN-acetic acid and 10ml of xylene-dioxane-cellosolve scintillator 
(Bruno & Christian, 1961) were added to the dry vials, and the fractions 
counted. Titration values were corrected for base line levels and re­
corded radioactivities for background and counting efficiency. Then 
specific radioactivities of propionate and lactate were calculated as 
d.p.m./ymol. 
Statistical analysis. Experimental results were statistically tested 
according to Steel & Torrie (1960). The investigation was intended to be 
a randomized complete block design. Calf 6184 was the only animal to 
receive all five test solutions. Animal 6172 lost its duodenal cannula 
after the second trial and consequently died. Thus calf 6110 was used to 
duplicate the study on the effect of VFA concentration. For comparing 
treatment effects it was, therefore, necessary to split the ten trials 
into two experiments, one with pH of the test solution as the variable 
(trials 1-4) and the other with VFA concentration as the variable (trials 
5-10). In the analysis of variance of percentage data, an inverse sine 
transformation was not found to be necessary. 
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RESULTS 
The individual VFA in the test solutions are referred to as acetate, 
propionate and butyrate, since they are about half dissociated to anions 
at pH 4.8 and more than 90% dissociated at pH 6.0 and 7.2. Test solu­
tions varying in pH and total VFA concentration were chosen with an intent 
of inducing different rates of absorption from the ruminoreticulum. 
Six arterial and portal blood samples were withdrawn during each 
trial except for trial 3 where no 20min portal sample could be obtained 
because of a temporary difficulty. All samples were analyzed for VFA, 
lactate and ketone bodies, but only averages will be reported. Important 
trends existing within trials will be pointed out. 
Rates of VFA absorption. Table 1 is a summary of the observed absorp­
tion rates of acetate, propionate and butyrate. Both pH and concentration 
of the test solutions affected the rates of VFA absorption. All three VFA 
were absorbed faster at pH 4.8 than at pH 7.2. During the 45min trials, 
total VFA concentration decreased by an average of 45mmol/l at pH 4.8, 
but only by an average of 31mmol/l at pH 7.2. In trials 5 and 9, where 
the pH was 6.0, the total VFA concentration of the test solution was also 
150mmol/l initially. But since a different calf was used in irial 9 than 
in trials 1 and 2, only the results of trial 5 can be directly compared to 
those of trials 3 and 4. In response to the Intermediate pH of 6.0 in 
trial 5 the absorption rates of the Individual VFA fall between those 
observed at pH 7.2 in trial 3 and those at pH 4.8 in trial 4; however 
they are much closer to those observed at pH 7.2. 
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Table 1. Treatments, trials, calves, and rates of VFA absorption 
As experimental treatments five different test solutions were placed 
into the emptied and washed-out ruminoreticulum of three rumen-fistulated 
calves for 45min. Apart from pH and total VFA concentrations, which are 
listed below, the composition of all test solutions was the same and is 
described in the Experimental section. The propionate of all test solu­
tions was radioactive. Concentrations of acetate (Ac), propionate (Pr) 
and butyrate (Bu) were determined on samples taken before and after each 
trial. The differences between initial and final VFA concentrations, 
adjusted for changes in PEG concentration, are reported as rates of VFA 
absorption in mmol/1 per A5min. These results can be multiplied by the 
initial volume of 18 liters of test solution to obtain absorption rates in 
units of mmol/45min. The last column lists absorption rates of total VFA 
in mmol/h per kg of body weight. 
Test solution Rates of VFA absorption 
Total VFA Trial Calf 
pH concn. no • no. Ac Pr Bu Total VFA 
mmol/1 mmol/1 per 45min mmol/h per kg 
7.2 150 2 6172 18.3 6.8 4.1 2.85 
3 6184 18.5 9.1 5.4 3.19 
4.8 150 1 6172 19.5 12.0 9.3 3.98 
4 6184 24.4 14.2 11.2 4.84 
6.0 75 6 6184 7.1 4.2 2.5 1.34 
8 6110 7.4 3.7 2.4 1.44 
6.0 150 5 6184 18.8 9.7 7.0 3.44 
9 6110 15.0 6.6 4.5 2.78 
6.0 225 7 6184 25.0 13.1 9.5 4.61 
10 6110 12.5 6.5 5.7 2.63 
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As the total VFA concentration of the test solutions increased from 
75mmol/l in trials 6 and 8 to 150inmol/l in trials 5 and 9 the rates of 
absorption of the three fatty acids approximately doubled. In trial 7 the 
absorption rates showed a further increase in response to the higher VFA 
concentration of 225mmol/l in the ruminoreticulum. The absorption of 
acetate and propionate in trial 10 was not faster than in trial 9. Possibly 
in calf 6110 the maximum rate of absorption was reached at a concentration 
of 150mmol/l total VFA; or more likely, absorption was depressed, since 
the evening before trial 10 the calf lost most of its ruminai digesta. 
This probably explains the low rates of VFA absorption, because depressed 
acetate absorption following nearly complete loss of rumen contents of a 
calf the night before an experiment was reported by Sutton al. (1963a). 
Fasting was also observed to depress rate of VFA absorption in sheep 
(Pfander & Phillipson, 1953). 
In view of the molar distribution of VFA in the test solutions and 
the known effect of VFA concentration on absorption rates it is not sur­
prising that in all trials the three acids were absorbed at absolute rates 
in the order of acetic > propionic > butyric (Table 1). The relative 
molar distribution of the individual VFA in the test solutions changed 
somewhat during the trials and averaged 61.8% acetate, 24.3% propionate 
and 13.9% butyrate at the end of the ten trials, as compared to the be­
ginning distribution of 60, 25 and 15%, respectively. This change indi­
cates a preferential absorption of propionate and butyrate as compared 
to acetate. Therefore, relative absorption rates were calculated by 
dividing the observed absolute absorption rates of each VFA by its initial 
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concentration in the test solution. Then, the relative values for the 
three VFA of each test solution were divided by the corresponding relative 
absorption rate of acetate to obtain specific absorption rates with acetate 
arbitrarily equal to 1. 
For the ten trials the specific absorption rates of propionate averaged 
1.24 and those of butyrate 1.44. The specific rates were, however, pH de­
pendent. At pH 7.2 they were essentially equal, and averaged 1.02 for 
propionate and 1.00 for butyrate. Their averages increased to 1.23 and 
1.46 at pH 6.0 and to 1.45 and 1.84 at pH 4.8 for propionate and butyrate, 
respectively. Thus at pH 7.2 the VFA were absorbed at about equal relative 
rates, but at acid pH at relative rates in the order of butyric > 
propionic > acetic. VFA concentration had no effect on specific rates of 
absorption. 
Concentrations and distribution of propionate and lactate in blood. 
Mean portal concentrations and mean P-A differences of propionate and lac­
tate of each trial are summarized in Table 2. In all trials propionate 
and lactate concentrations were always higher in port&l than in arterial 
blood. At pH 4.8 the portal levels and also the P-A differences of pro­
pionate were about twice as high as at pH 7.2. With test solutions having 
a total VFA concentration of 75, 150 and 225mmol/l, the portal levels of 
propionate averaged 390, 452 and 572ymol/l, respectively, and the cor­
responding P-A differences averaged 343, 380 and 493%mol/l. Thus there 
is a definite trend, though not significant at P<0.10, for portal con­
centrations and P-A differences to increase as the VFA concentration of 
the test solutions rises. 
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Since pH and VFA concentration of the test solutions affected the 
rates of VFA absorption,it is not surprising that blood propionate con­
centrations are well correlated with observed absorption rates of propion­
ate (Table 1). The correlation coefficients are 0.91 (P<0.001) for portal 
blood, 0.67 (P<0.05) for arterial blood and 0.69 (P<0.05) for the P-A 
difference. Arterial propionate levels were usually low, but tended to be 
higher in trials with faster rates of VFA absorption. They averaged 
64ymol/l and ranged from 26 to 127pmol/l. 
Lactate concentrations for the ten trials averaged 480pmol/l in portal 
blood which was about 75ymol/l higher than arterial blood. Unlike pro­
pionate the blood levels of lactate apparently did not vary in response to 
pH and VFA concentration of the test solutions. The correlations between 
rates of propionate absorption (Table 1) and lactate concentrations (Table 
2) in portal (r=0.52) and arterial (r=0.48) blood and also the P-A 
differences (r=0.26) are low and not statistically significant. P-A dif-
' ferences in propionate and lactate are not correlated with each other (r= 
0.09). 
The percentage contribution of lactate to the total P-A concentration 
difference in propionate plus lactate was computed for each trial (Table 
2), and found to be lower at pH 4.8 than at pH 7.2 (P<0.01), and to de­
crease as the VFA concentration of the test solution increased (P<0.05). 
These significant effects of pH and VFA concentration are considered to be 
primarily an inverse reflection of the marked trend in the P-A differences 
of propionate in response to the treatments. 
The data on blood concentrations of propionate and lactate alone are 
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Table 2. Concencratlon and distribution of propionate and lactate in blood 
Portal (P) concentrations and portal-arterial (P-A) differences of 
propionate and lactate are expressed as ymol/l of blood. The last column 
gives the percentage contributions of lactate to the total P-A concentra­
tion differences of propionate plus lactate. Each value represents the 
mean of six observations for each trial except for trial 3 with only five 
observations. 
Propionate Lactate 
Test solution concn. concn. Lactate contri­
Total VFA Trial bution to total 
pH concn. no. P P-A diff. P P-A diff. P-A diff. 
mmol/1 -limol/1 ymol/1 % 
7.2 150 2 333 307 466 94 23.8 
3 412 382 517 123 23.4 
4.8 150 1 691 622 443 86 12.3 
4 837 718 556 93 11.5 
Significance of diff. A 
between solution means P<0.10 P<0.05 N.S N.S. P<0.01 
6.0 75 6 315 282 380 63 18.4 
8 464 404 438 75 16.2 
6.0 150 5 448 394 598 72 15.2 
9 457 365 555 47 11.4 
6.0 225 7 573 446 518 56 11.6 
10 571 540 324 45 7.8 
Significance of diff. 
between solution means N.S. N.S. N.S, N.S. P<0.05 
N.S. means P>0.10. 
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Insufficient for drawing inferences about the extent of propionate metabo­
lism to lactate since the origin of the lactate that entered the portal 
circulation is unknown. If lactate were the only metabolite produced from 
propionate during absorption from the ruminoreticulum and also were not 
possibly transported into the portal vein from other tissues of the 
gastrointestinal tract, then the percentage contributions of lactate to 
the P-A concentration differences in propionate plus lactate (Table 2) 
would represent the relative extents of propionate metabolism to lactate. 
For the ten trials the lactate contributions to the total P-A differences 
in propionate plus lactate averaged 15.2% (range 7.8-23.8%). 
Radioactivity of blood associated with propionate and lactate. Re­
gression analysis showed that the level of total radioactivity in blood 
increased by an average of about 43d.p.m./ml of portal and arterial blood 
(P<0.001) each minute during the ten trials. The level of total radio­
activity associated with lactate in portal and arterial blood, expressed 
as d.p.m./ml of blood, also increased during the trials (P<0.001), but 
not the radioactivity associated with propionate. These trends reflect 
14 the continual absorption of [2- Cjpropionate and transfer of the label 
Into lactate of peripheral blood. The P-A differences in the level of 
total radioactivity in blood, and also in propionate plus lactate did not 
exhibit any significant time trends reflecting a fairly uniform entry of 
radioactivity during the trials. 
Percentage contributions of the radioactivity associated with blood 
propionate plus lactate to the total radioactivity of blood were com­
puted (Table 3). These percentages range from 23.6 to 37.6% in portal 
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blood and from 2.2 to 8.8% in arterial \;lood. Regression analysis 
revealed that within a trial, the percemt, of total blood radioactivity 
associated with propionate plus lactate decreased by 0.63%/min in portal 
blood (P<0.05) and by 0.10%/ain in arterial blood (P<0.10). These trends 
indicate that blood constituents other zhan propionate and lactate account­
ed for increasingly more of the radioactivity in peripheral blood as the 
trials proceeded. 
The percentage contribution of propionate plus lactate to the P-A 
difference in total blood radioactivity was about 100% or above for the 
five treatments (Table 3). The percentages within a trial did not show 
any trends to increase or decrease wii:h time. Even though the observed 
percentages generally exceed the theor "tical maximum of 100%, their agree­
ment is seasonable in view of the many analyses involved in this study. 
The discrepancy from 100% can be explained at least partially by differ­
ences in analytical accuracy. In the determination of both propionate 
and lactate the measured concentrations were corrected for recovery. 
Levels j " total radioactivity in blood were derived from measurements on 
protein-iree filtrates and could not be corrected for loss of radio­
activity in the preparation of the filtrates. The recovery of lactate 
added to blood before deproteinization averaged about 94%. 
Since propionate plus lactate accounted for 100% or more of the P-A 
differences in total blood radioactivity, it can be strongly suggested that 
under the conditions of this study the majority, if not all, of the 
propionate absorbed from the ruminoreiiculum was transported into the 
portal system in form of propionate arid lactate, and that consequently 
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Table 3. Percentage contributions of propionate plus lactate Cu total 
radioactivity of blood 
The percentage contributions of propionate plus lactate to the total 
radioactivities in portal and arterial blood and to the P-A differences in 
total blood radioactivity were computed by the formula 100x(Rp+R^)/Rg. 
Total blood radioactivity (R^) was determined on protein-free filtrates 
and expressed as d.p.m,/ml of blood. Total radioactivity associated with 
propionate (Rp) and lactate (R^) was calculated by multiplying concentra­
tion (pmol/ml) by the corresponding specific radioactivity (d.p.m./ymol). 
The values reported are means ± S.E.M. of two trials receiving the same 
test solutions. 
Test solution 
Contribution of propionate plus 
lactate to total blood radioactivity 
pH 
Total VFA 
concn. 
Trial 
no. Portal Arterial P-A diff. 
mmol/1 % % % 
7.2 150 2,3 23.6±3.4 2.2±0.2 109.7±9.4 
4.8 150 
I—
1 
34.4±4.4 5.3+1.2 101.3+4.5 
6.0 75 6,8 30.1±4.4 5.7+0.5 115.6+11.1 
6.0 150 5,9 33.6±5.8 8.8+1.5 113.0±3.8 
6.0 225 7,10 37.6±6.0 6.8+1.2 116.4±4.4 
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the conversion to products other than lactate must have been either rela­
tively small or absent. 
Extent of propionate conversion to lactate. Table 4 is a summary of 
the percentage contributions of radioactive lactate to the total radio­
activity associated with propionate plus lactate in blood. In arterial 
blood lactate accounted for about 33-65% of the combined radioactivity, 
but in portal blood only for about 5-17%. This is explained primarily by 
the removal of propionate from portal blood by the liver. During each 
trial the percentage contribution of lactate increased with time in both 
portal and arterial blood. These time trends are largely explained by a 
rising specific radioactivity of blood lactate during each trial which 
indicates continual transfer of label from propionate into lactate. At 
5min of the trials the specific radioactivity of lactate in portal blood 
averaged only about 6% (range 4-9%) of that of propionate as compared to 
about 21% (12-37%) at 45min. 
The specific radioactivity of lactate was always higher in portal 
blood samples than in corresponding arterial samples. This observation 
along with the positive P-A differences in lactate concentration indicates 
that radioactive lactate was produced in the portal-drained viscera. Thus 
it appears that a portion of the radioactive propionate absorbed from the 
ruminoreticulum was converted to lactate. The relative extent of this con­
version was estimated by the percentage contribution of lactate to the P-A 
difference in total radioactivity associated with blood propionate plus 
lactate (Table 4). 
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Table 4. Percentage contribution of lactate to total radioactivity asso­
ciated with propionate plus lactate and extent of propionate conversion to 
lactate 
The percentage contribution of lactate to the total radioactivity 
associated with propionate plus lactate was computed for portal and arterial 
blood and the P-A difference by the formula lOOxR^/(Rp+R^)» Total radio­
activity present in propionate (Rp) and lactate (R^) was calculated by 
multiplying concentration (ymol/ml) by the corresponding specific radio­
activity (d.p.m./ymol). The percentage contributions of lactate to the P-A 
differences in total radioactivity associated with propionate plus lactate 
are listed in the last column and define the relative extents of propionate 
conversion to lactate during absorption by the epithelium of the ruminore-
ticulum. Each value is the mean of six observations of each trial except 
for trial 3 with only five observations. 
Contribution 
Test solution of lactate Propionate 
Total VFA Trial conversion to 
pH concn. no. Portal Arterial lactate 
mmol/1 % % % 
7.2 150 2 15.1 64.9 9.1 
3 11.0 60.0 6.3 
4.8 150 1 7.3 49.2 3.4 
4 6.7 35.0 2.5 
Significance of diff. 
between solution means N.S. N.S. P<0.15 
6.0 75 6 16.7 64.1 6.7 
8 15.3 57.5 7.3 
6.0 150 5 13.2 53.9 4.5 
9 12.9 43.2 3.6 
6.0 225 7 10.6 32.7 2.8 
10 4.9 46.9 2.6 
Significance of diff. 
between solution means N.S. N.S. P<0.05 
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Fig. 1. Time trend in the relative extent of propionate conversion to 
lactate. O Trial 1; • trial 2. 
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Relatively more propionate was converted to lactate when the pH of 
the test solution was 7.2 rather than 4.8 (P<0.15). The percentage con­
version to lactate was also affected by the VFA concentration of the test 
solutions (P<0.05) and decreased from an average of 7.0% at 75mmol/l to an 
average of 2.7% at 225mmol/l. 
Regression analysis revealed a trend for the relative extent of pro­
pionate metabolism to increase with time. This time trend is illustrated 
in Fig. 1 for trials 1 and 2. Average regression coefficients calculated 
and expressed in percent/5rain were 1.24 and 0.37 for test solutions of pH 
7.2 and 4.8, respectively, and 0.76, 0.51 and 0.22 for test solutions of 
75, 150 and 225mmol/l total VFA, respectively. The regression coefficients 
appear to be higher with trials in which the VFA absorption was slower. 
For the ten trials the percent propionate metabolized (Table 4) and 
its rate of absorption by the ruminoreticulum (Table 1) appear to be in­
versely correlated with each other (r=-0.62, P<0.10). In other words, 
the faster propionate was absorbed the smaller was the relative extent to 
which it was metabolized to lactate. It is, however, possible that the 
absolute amount of lactate produced from propionate was fairly constant 
and independent of the rate of absorption. The P-A differences in radio­
activity associated with lactate and expressed as d.p.m./ml were used to 
make a comparison. Since the specific radioactivities of blood lactate 
varied greatly between trials, the calculated total radioactivities 
associated with lactate varied also. Therefore, it was first necessary to 
adjust the P-A differences of total radioactivity present in lactate to 
an average specific radioactivity computed from the ten trials. A com­
parison of the adjusted values showed that the amount of radioactive 
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lactate produced was roughly of the same magnitude in most trials. In 
trials 2 and 3, however, the amount of radioactive lactate produced was 
larger than in all other trials and was about 60% higher than in trials 1 
and 4 (P<0.01). 
Concentrations of butyrate and ketone bodies in blood. Table 5 is 
a summary of the blood concentrations of butyrate and ketone bodies. Por­
tal butyrate concentrations averaged 174ymol/l, but varied greatly in 
response to the treatments. As the pH of the test solutions in trials 1 
to 4 was lowered from 7.2 to 4.8, the butyrate levels in portal blood 
increased from an average of 82 to 334)jmol/l (P<0.05) and the P-A dif­
ferences in butyrate rose from an average of 42 to 259iimol/l (P<0.01). 
Increasing the concentration of the test solutions from 75 to 225mmol/l 
total VFA also elevated the portal concentrations of butyrate (P<0.10). 
The corresponding P-A differences in butyrate tend to increase, though not 
significantly at P<0.10. There was a high correlation (P<0.01) of both 
the portal concentrations and the P-A differences of butyrate with the 
observed absorption rates of butyrate (Table 1). In arterial blood the 
concentration of butyrate was small, often too low for accurate measure­
ment, and averaged 44ymol/l with a range of 18-79pmol/l. 
The concentrations of acetoacetate plus acetone (Table 5) varied little 
and averaged 70ymol/l in portal and 43vimol/l in arterial blood. The con­
centrations of 8-hydroxybutyrate were much higher than those of aceto­
acetate plus acetone and averaged 466pmol/l in portal and 388pmol/l in 
arterial blood. The response of both portal and arterial concentrations of 
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6-hydroxybutyrate to the treatments was too small to be significant at 
P<0.10. But the levels tended to increase as the pH of the test solutions 
decreased from 7.2 to 4.8 or as the VFA concentration of the test solutions 
was raised from 75 to 225mmol/l. This trend is confirmed by positive 
correlations of portal and arterial concentration of 6-hydroxybutyrate 
with the rates at which butyrate was absorbed (Table 1) from the rumino-
reticulum (P<0.01). Such a correlation was also observed for the portal 
and arterial levels of acetoacetate plus acetone (P<0.05). Thus faster 
rates of butyrate absorption resulted in elevated levels of ketone bodies 
in peripheral blood. 
The P-A differences in acetoacetate plus acetone averaging 27ymol/l 
(range 15-44ymol/l) for the ten trials were lower than those of 3-
hydroxybutyrate which averaged 78pmol/l (55-108ymol/l). Although the 
P-A differences of 3-hydroxybutyrate in trials 1 and 4 were only about 
22ymol/l higher than in trials 2 and 3, the differences were found to be 
highly significant (P<0.01) since the experimental error was exceptional­
ly low. Overall, it appears that the P-A differences of acetoacetate 
plus acetone and of 3-hydroxybutyrate do not vary more between treat­
ments than between trials receiving the same treatments. Thus it is not 
surprising that the P-A differences of neither acetoacetate plus acetone 
nor 3-hydroxybutyrate are correlated with the observed rates of butyrate 
absorption (Table 1). These observations on the P-A differences in ketone 
bodies indicate a fairly constant entry of ketone bodies into the portal 
circulation independent of the rate of absorption of butyrate. 
Table 5. Blood concentrations of butyrate and ketone bodies 
Portal (P) concentrations and P-A differences of butyrate, acetoacetate plus acetone and 6-
hydroxybutyrate are expressed as ymol/1 of blood. Each value represents the mean of six observations 
for each trial except for trial 3 with only five observations. 
Test solution 
Total VFA 
pH concn. 
Trial 
no. 
Butyrate 
P-A diff. 
Acetoacetate 
+ acetone 
P P-A diff. 
3-Hydroxy-
butyrate 
? P-A diff. 
mmol/l ymol/1 ymol/1 ymol/1 
7.2 150 2 55 26 54 30 358 74 
3 109 59 61 31 437 82 
4.8 150 1 311 241 94 34 769 95 
4 356 / 84 31 625 104 
Significance of diff. 
between solution means P<0.05 P<0.01 N.S. N.S. N.S. P<0.01 
6.0 75 6 118 82 49 15 273 71 
8 86 68 65 20 343 68 
6.0 150 5 157 135 76 18 510 67 
9 125 83 64 24 390 55 
6.0 225 7 .198 130 68 20 534 58 
10 229 205 84 44 419 108 
Significance of diff. 
between solution means P<0.10 N.S. N.S. N.S. N.S. N.S. 
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Extent of butyrate conversion to ketone bodies. Assuming that ketone 
bodies entering the portal vein came only from butyrate metabolized during 
absorption by the ruminoreticulum and also that butyrate was converted 
exclusively to ketone bodies, the extent of metabolism of butyrate during 
its absorption was calculated by expressing the P-A concentration differ­
ences in ketone bodies as percent of the total P-A differences in butyrate 
plus ketone bodies (Table 6). At pH 7.2 the relative extent of butyrate 
metabolism to ketone bodies was about twice as high as at pH 4.8 (P<0.10). 
VFA concentration of the test solutions also affected the percentage 
metabolism of butyrate (P<0.05). The extent of conversion averaged 54.1, 
43.4 and 39.3% for the test solutions of 75, 150 and 225mmol/l total VFA, 
respectively. The percentages are negatively correlated with the ob­
served absorption rates of butyrate presented in Table 1 (r=-0.70, P<0.05). 
The faster butyrate was absorbed from the ruminoreticulum the lower was 
the relative extent to which it was converted to ketone bodies during 
absorption. 
About three fourths of the ketone bodies transported into the portal 
vein were 3-hydroxybutyrate as indicated by its percentage contribution 
to the P-A differences in total ketone bodies (Table 6). In all blood 
samples, the relative contribution of g-hydroxybutyrate to the ketone 
bodies showed only minor changes between trials receiving the same or 
different treatments. In the ten trials 3-hydroxybutyrate accounted for 
an average of 86% (range 83-89%) of the ketone bodies in portal blood, 
89% (85-93%) in arterial blood and 74% (69-82%) in the P-A differences. 
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Table 6. Extent of butyrate conversion to ketone bodies 
The relative extent to which butyrate was converted to ketone bodies 
during absorption by the epithelium of the ruminoreticulum was calculated 
as the percentage contribution of total ketone bodies (acetoacetate plus 
acetone and B-hydroxybutyrate) to the P-A concentration difference in 
butyrate plus total ketone bodies. g-Hydroxybutyrate in percent of ketone 
bodies produced was computed as the percentage contribution of g-hydroxy-
butyrate to the P-A concentration difference in total ketone bodies. Each 
value is the mean of six observations for each trial except for trial 3 
with only five observations. 
Test solution Butyrate 3-Hydroxybutyrate 
Total VFA Trial conversion in percent of 
pH concn. no. to ketone ketone bodies 
bodies produced 
mmol/1 % % 
7.2 150 2 78.5 69.2 
3 65.8 71.4 
4.8 150 1 35.2 73.4 
4 32.8 78.4 
Significance of diff. 
between solution means P<0.10 N.S. 
6.0 75 6 51.3 82.3 
8 56.9 77.1 
6.0 150 5 38.5 78.8 
9 48.4 69.5 
6.0 225 7 36.6 73.2 
10 42.0 70.9 
Significance of diff. 
between solution means P<0.05 N.S. 
39 
DISCUSSION 
VFA absorption from the ruminoretlculum. As intended both pH and VFA 
concentration of the test solutions influenced the rates at which the 
individual VFA were absorbed from the ruminoreticulum. This is in agree­
ment with the well known concept that VFA are absorbed faster as the 
hydrogen ion and VFA concentrations in the rumen increase. 
Amounts and rates at which the VFA are absorbed from the fore-
stomachs of ruminants have been studied by many investigators and by 
various techniques. In this study absorption was measured by the rates 
at which the VFA disappeared from test solutions placed into the emptied 
and washed-out ruminoreticulum. Sutton et al. (1963a), who applied a 
similar technique to measure VFA absorption from the rumen of young calves 
fed milk, hay and concentrate, found the concentration of a 167mmol/l 
VFA solution (60% acetic, 25% propionic and 15% butyric) to decrease by 
a total of about 27-30mmol/l per h at pH 7.5 and by about 78-105mmol/l 
per h at pH 5.5. Absorption rates of trials 1-4 of the present study 
were 39 and 44mmol/l total VFA per h at pH 7.2 and about 54 and 66mmol/l 
per h at pH 4.8. 
Absorption rates presented in the last column of Table 1 were calcu­
lated to facilitate comparisons with rates of ruminai VFA absorption and 
production observed by other investigators. For the ten trials absorp­
tion rates of total VFA expressed as mmol/h per kg body weight averaged 
3.11 with a range of 1.34-4.84. These results and especially those of 
trials 6 and 8 obtained with test solutions containing 75mmol/l total VFA 
at pH 6.0 are similar to the rates reported by Williams & Mackenzie (1965). 
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They placed solutions containing 75mmol/l VFA (60% acetic, 20% propionic 
and 20% butyric) at about pH 5 into the washed-out and ligated rumens of 
sheep and found absorption rates of total VFA to range from 1.35 to 1.79 
mmol/1 per kg. Roe e£ al. (1966) observed an entry rate for total VFA of 
about 3.5mmol/h per kg body weight in sheep fed hay and concentrate. Since 
they estimated VFA absorption by P-A concentration differences and portal 
blood flow rates, their value would not include amounts of VFA metabolized 
during absorption. 
Bergman, Reid, Murray, Brockway & Whitelaw (1965), Leng & Brett (1966) 
and Leng & Leonard (1965) determined ruminai VFA production rates in fed 
sheep by isotope dilution techniques. Production rates in mmol/h per kg 
body weight calculated from their results are comparable to the absorption 
rates observed in the present study, but generally tend to be somewhat 
higher, especially the production rates for acetate. VFA production 
rates determined for steers by Stewart, Stewart & Schultz (1958) fall in 
the range of absorption rates observed in the present study. But the 
range of VFA production rates measured on cows by Hungate, Mah & Simeson 
(1961) tends to be somewhat higher. 
It may be expected that the VFA absorption rates of this study tend 
to be somewhat lower than hourly or daily entry and production rates 
since the fill of the ruminoreticulum was low, containing only about 14 
liters of solution during the trials. Consequently, the area of the 
ruminoreticulum wall having contact with the test solutions was probably 
smaller than that during normal fill with digesta. 
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It is important to consider that the epithelium of the ruminoreticu-
lum that was in contact with the test solutions was exposed to VFA and 
hydrogen ion concentrations that may normally be found in the rumen. VFA 
concentration in the rumen generally ranges between 80 and 120mmol/l and 
rumen pH between about 5.7 and 6.7 (Hungate, 1966). A concentration of 
150iranol/l total VFA and a pH of 6.0 can be considered to reflect condi­
tions during peak VFA production a few hours after feeding. Concentra­
tions as high as 225mmol/l total VFA and pH values as low as 4.8 may not 
occur commonly but are not necessarily unphysiological. In cows fed mostly 
concentrate and little hay the VFA concentration of the rumen contents may 
rise temporarily to 200mmol/l or higher and the pH may fall below 5 (Balch 
££ al. 1955; Balch & Rowland, 1957). Hungate et al. (1961) also re­
ported VFA concentrations in the rumen of cows to range from 108 to 
224mmol/l. In sheep fed various diets rumen pH varied between 4.4 and 
7.3 and total VFA concentration between 14 and 242 mmol/1 (Briggs, Hogan 
& Reid, 1957). 
Relative and specific rates at which the three VFA were absorbed 
from the ruminoreticulum at pH 4.8 and pH 6.0 were in the order of 
butyric > propionic > acetic. This is the generally accepted order of 
the relative rates of VFA absorption from acidic rumen contents (Sutton 
al. 1963a). Specific absorption rates calculated for butyrate and 
propionate were appreciably larger than 1 (for acetate) at pH 4.8, but 
decreased to about 1 at pH 7.2. This observed loss in preferential 
absorption of butyrate and propionate relative to acetate as the pH of 
the test solution increased from 4.8 to 7.2 is in agreement with similar 
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pH dependent trends found in specific absorption rates calculated from 
data reported by Aafjes (1967) and by Williams & Mackenzie (1965). 
The orifices connecting the ruminoreticulum with the omasum and 
abomasum were not ligated in the present study. Therefore, it was possible 
for test solution to pass into the omasum and abomasum, but not farther 
since contents leaving the abomasum were collected by the re-entrant 
duodenal cannula. Although VFA absorption from the omasum and abomasum 
is considered to have no influence on the magnitude of the observed ab­
sorption rates presented in Table 1, it is still of interest because of 
its possible effect on the estimated extents of propionate and butyrate 
metabolism by the epithelium of the ruminoreticulum as will be discussed 
later. 
Digesta leaving the duodenal cannula during the trials always had 
a normal consistency indicating no major dilution with test solution, 
and amounts collected ranged from 0 to about 2 liters. The level of 
radioactivity in the collected digesta was usually very low. Although 
the digesta were not assayed for PEG it appeared that little test solution 
passed from the ruminoreticulum through the abomasum. This conclusion is 
supported by the recoveries of test solutions. Of the 54g of PEG added 
to 18 liters of test solution, an average of about 94% (range 88-99%) 
were recovered by removing the test solutions from the ruminoreticulum 
after each of the ten trials. In trial 6 a considerable portion of the 
test solution may have passed into the abomasum since the PEG recovery 
was lowest (88%) among all trials and the level of radioactivity in the 
collected digesta highest (about 700d.p.m./ml of fluid). 
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Extent of propionate conversion to lactate. Ramsey & Davis (1965) 
provided indirect evidence that a portion of propionate was metabolized 
to lactate during absorption from the rumen since radioactivity was 
transferred from [l-^^C]butyrate to lactate. It was presumed that the 
was incorporated into lactate during the COg-fixation step of propionate 
metabolism or via succinyl-CoA, an intermediate in the tricarboxylic acid 
cycle common to both butyrate and propionate oxidation. In the present 
study direct evidence obtained for propionate conversion to lactate is 
based primarily on the observation that the concentration and especially 
the specific radioactivity of lactate was consistently higher in portal 
blood than in arterial blood. However the relative extent of metabolism, 
as calculated by the percentage contribution of lactate to the P-A dif­
ferences in radioactivity associated with propionate plus lactate, was 
apparently small. The average for each trial was less than 10%. But 
before a final conclusion as to the extent of conversion can be drawn, 
several pertinent aspects and results need to be presented and critically 
evaluated. 
Possible errors introduced by propionate absorption from gastro­
intestinal segments other than the ruminoreticulum during the trials are 
believed to be negligible and are considered in more detail when the 
butyrate metabolism is discussed in the next subsection. In calculating 
the extent of metabolism by the epithelium of the ruminoreticulum it was 
assumed that propionate was converted to no major metabolite other than 
lactate. It has been shown that lactate accumulates as the major product 
during incubations of rumen epithelium with propionate (Pennington & 
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Sutherland, 1956b; Taylor & Ramsey, 1965; Welgand et al. 1967). Pyruvate 
is not likely to be a major metabolite i^ vivo since the concentration of 
pyruvate in bovine blood is very much lower than that of lactate (Dunlop, 
Hammond & Stevens, 1964). It is unlikely that propionate was converted 
extensively to metabolites other than lactate since propionate and lactate 
could account for the entire P-A difference in total radioactivity of 
blood. If a portion of propionate was oxidized to carbon dioxide, however, 
it could not be detected since blood carbon dioxide was probably lost 
quantitatively during the preparation of protein-free blood filtrates. 
The percentage contribution of lactate to the P-A concentration 
differences in propionate plus lactate (Table 2) was 2.2-4.6 times higher 
than the percentage conversion of propionate to lactate (Table 4). This 
discrepancy may indicate that unlabeled lactate entered the portal cir­
culation. Lactic acid absorption from the gastrointestinal tract cannot 
be excluded, but is considered as relatively small. Lactic acid was not 
present in the ruminoreticulum, not even toward the end of the trials. 
Bensadoun, Cushman & Reid (1966) found L-(+)-lactate levels of about 
310pmol/100g in the duodenum of sheep fed either low or high carbohydrate 
diets. It is possible that some lactate enters the small intestine when­
ever lactate accumulates in the rumen (Mackenzie, 1967). 
Propionate is converted to lactate via succinate, a symmetrical 
intermediate of the tricarboxylic acid cycle (Pennington & Sutherland, 
1956b). Thus lactate formed from [2-^^C]propionate will be equally 
labeled in C-2 and C-3 and have the same specific radioactivity as pro­
pionate. But if succinate takes one complete turn around the tricarboxylic 
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acid cycle before it is converted into lactate,it will become labeled also 
in C-1 and C-4 and 25% of the radioactivity is lost during the decarboxy­
lation to pyruvate. Further radioactivity would be lost during additional 
turns of succinate around the tricarboxylic acid cycle. If such a loss of 
radioactivity occurs in the metabolism of propionate to lactate, the speci­
fic radioactivity of lactate will be lower than that of propionate. It 
follows firstly that this could explain at least part of the observed dis­
crepancy between the percentage contribution of lactate to the P-A concen­
tration difference of propionate plus lactate and the relative extent of 
propionate conversion. Secondly, the actual extent of propionate conver­
sion to lactate would be higher than estimated by the percentages of the 
last column in Table 4, but would not exceed the relative contributions of 
lactate to the P-A concentration differences in propionate plus lactate in 
Table 2. Annison, Leng, Lindsay & White (1963) found that the incorpora­
tion of C-2 of propionate into C-3 and C-4 relative to C-1, C-2, C-5 and 
C-6 of glucose was fairly low after intraportal infusion of [2-^^C]propion-
ate in sheep. This indicates that in the metabolism of propionate via suc-
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cinate the extent of equilibration of C in the tricarboxylic acid cycle 
may be small, at least in the hepatic conversion to glucose in sheep. 
A most likely contributing source of lactate to the P-A concentration 
differences observed in the present study is the formation of lactate 
from glucose by the glycolytic activity of gastrointestinal tissues. 
Numerous reports demonstrated the presence of glycolytic activity in 
tissues of the intestinal tract of mammals (Srivastava & Hubs cher, 1966). 
Glucose utilization by the gastrointestinal tract in live ruminants has 
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been repeatedly shown by negative P-A differences in blood glucose 
(Bergman et al. 1970; Katz & Bergman, 1969; Roe £t 1966). Bensadoun 
& Ichhponani (1968) provided good proof for lactate formation from glucose 
by intestinal tissue of sheep. Other investigators reported higher lac­
tate levels in portal and ruminai vein blood than in arterial blood (Ramsey 
6 Davis, 1965; Roe al.- 1966; Shoji e£ 1964; Waldern, 1963). It 
was, therefore, decided to estimate the possible contribution of glucose 
metabolism to the P-A differences of lactate in the present study. Since 
this was not planned in the original design of the trials, sufficient 
amounts of protein-free blood filtrates were not available for glucose 
analysis of all samples. Glucose concentrations were determined on blood 
filtrates by the enzymatic glucose oxidase method (Worthington Biochemical 
Corp., Freehold, N.J.). Assuming that glucose was neither absorbed nor 
synthesized by the portal-drained viscera, corresponding portal and 
arterial blood filtrates still available were combined, and the specific 
radioactivity of glucose was determined by isolating the pentaacetate 
derivative (Jones, 1965). Representative results are presented in Tables 
7 and 8. 
Glucose concentrations (Table 7) were in the range normally observed 
in mature ruminants. The P-A differences in glucose concentrations were 
found to be consistently negative (Table 7) indicating gastrointestinal 
utilization of glucose. If it is assumed that each ymole of glucose is 
converted to two yraoles of lactate the observed P-A differences in 
glucose can usually account for much or all of the corresponding P-A 
differences in lactate (Table 7). Roe et al. (1966) made a similar 
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Table 7. Portal gluccse concentrations and P-A differences in glucose and 
lactate 
Portal and arterial glucose concentrations were determined on selected 
samples of trials 3-10, P-A concentration differences in glucose were 
calculated as ymol/l of blood for comparison with corresponding P-A differ­
ences in lactate concentrations. 
Test solution 
Trial 
no. 
Sampling 
time 
Portal 
glucose 
concn. 
P-A differences 
pH 
Total VFA 
concn. Glucose Lactate 
mmol/1 min mg/lOOml ymol/1 ymol/1 
7.2 150 3 10 57.7 -302 188 
30 52.1 — 48 93 
4.8 150 4 5 46.1 - 9 88 
30 41.5 - 37 99 
6.0 75 6 10 54.2 — 16 67 
30 50.5 - 9 54 
8 15 53.0 - 82 94 
6.0 150 5 30 50.6 — 18 104 
9 5 51.7 - 51 51 
45 49.2 - 39 68 
6.0 225 7 30 46.1 — 63 67 
10 5 51.3 - 31 40 
20 52.5 -104 54 
48 
observation in fed, non-pregnant sheep. 
It is important to note that the specific radioactivity of circulating 
glucose was higher than that of arterial lactate (Table 8). Thus as cir­
culating glucose is converted to lactate by the glycolytic activity of 
gastrointestinal tissues, the specific radioactivity of portal lactate will 
increase. Consequently, the rise in the specific radioactivity of lactate 
in portal as compared to arterial blood cannot be attributed solely to 
direct conversion of propionate to lactate during absorption by the 
epithelium of the ruminoreticulum. In fact, a comparison of the P-A 
differences in total radioactivity associated with glucose with those 
associated with lactate (Table 8) shows that glucose could account for 
part or all of the labeled lactate entering the portal circulation from 
gastrointestinal tissues. Thus to the extent that glucose utilized by 
gastrointestinal tissues was converted to lactate, the percentage con­
tributions of lactate to the P-A differences presented in Tables 2 and 4 
will overestimate the actual extent of propionate metabolism to lactate. 
In the extreme case propionate conversion could be zero since in several 
cases glucose when converted to lactate could easily account for the P-A 
differences in radioactivity and concentration of lactate. 
The percentage conversion of propionate to lactate was found to 
increase markedly during the trials as was illustrated for trials 1 and 2 
in Fig. 1. It was primarily this observation that eventually led to the 
analysis of blood glucose. Such a time trend in the percentage conversion 
is difficult to explain unless glucose was converted to lactate by the 
glycolytic activity of the portal-drained viscera. An adaptive increase 
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Table 8. Specific and total radioactivities associated with blood 
glucose and lactate 
Specific radioactivities of glucose and lactate of selected samples 
of trials 4, 9 and 10 are listed below. P-A differences in total radio­
activity associated with blood glucose and lactate were calculated as 
described in Table 3 and expressed as d.p.m./ml of blood. 
Test solution 
Total VFA Trial Sampling 
pH concn. no. time 
Specific 
radioactivity 
Blood Arterial 
glucose lactate 
P-A diff. in total 
radioactivity 
Glucose Lactate 
mmol/1 
4.8 150 
mxn 
5 
30 
-d.p.ra./ymol-
669 
1509 
117 
197 
-d.p.m. /ml-
— 6 
-55 
17 
38 
6.0 150 5 
45 
86 
1041 
33 
148 
- 4 
-40 
5 
25 
6.0 225 10 5 
20 
93 
422 
11 
37 
- 3 
-44 
6 
12 
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in the metabolic activity of the epithelial tissue is considered unlikely. 
The percentage conversion of butyrate to ketone bodies did not exhibit 
any time trends. The P-A differences in propionate concentration and 
radioactivity associated with propionate did not show significant trends to 
change with time indicating a reasonably constant portal entry of propion­
ate during the trials. Furthermore, the P-A differences in lactate con­
centration tended to increase only slightly with time (P<0.10). However 
the P-A differences in the specific radioactivity of lactate increased 
significantly with time (P<0.001). Thus it was expected that the P-A 
differences in total radioactivity associated with lactate increased during 
the trials and, consequently, the calculated percentages of propionate 
conversion to lactate increased also. Results presented in Table 8 clearly 
demonstrate that the specific radioactivity of glucose increased during the 
trials and apparently more so than the specific radioactivity of arterial 
lactate. Thus, even if the amount of lactate formed from glucose by the 
glycolytic activity of the portal-drained viscera were fairly constant, 
the P-A differences in total radioactivity associated with lactate still 
would markedly increase with time, especially since the specific radio­
activity of glucose is appreciably higher than that of lactate in corres­
ponding samples. 
It is, therefore, concluded that the apparent increase in the per­
centage metabolism of propionate during the trials can be attributed 
entirely to lactate production from labeled glucose rather than to direct 
conversion from propionate. Since the percentages of propionate metabolism 
of Table 4 are averages of all observations obtained per trial, they 
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overestimate the true extent of metabolism by the epithelium of the 
ruminoreticulum. Thus the observed Smin percentages, which ranged from 
0.9-5.8% and averaged 2.6%, are considered better estimates of the true 
direct conversion of propionate to lactate. From linear regression 
equations relating percentage metabolism to time of the trial, the extent 
of propionate conversion could be extrapolated to 'Zero-time' and was 
found to average 2.3% with a range of 1.0-4.6% for the ten trials. The 
'Zero-time* percentages are inversely correlated with the rates of pro­
pionate absorption (P<0.01), i. e. the faster propionate was absorbed, 
the lower was the relative extent to which it was converted to lactate 
by the epithelium of the ruminoreticulum. 
The most important conclusion to be drawn from results of the present 
study is that the direct conversion of propionate to lactate was quite 
small and probably less than 5% as indicated by the Smin and the 
extrapolated 'Zero-time' percentages. Since the specific radioactivity 
of circulating glucose was higher than that of arterial lactate, it is 
suggested that the majority of propionate reaching th>_ liver was con­
verted to glucose before it was converted to lactate. Ânnison et^  al» 
(1963) found the specific radioactivity of lactate to be lower than that 
of glucose in jugular blood after intraportal infusion of [1-^ C^]-. or 
[2-^ C^]-propionate in sheep. Leng et al. (1967) who infused radio­
active propionate into the rumen of sheep also reported that in four out 
of seven experiments the specific radioactivity of jugular glucose was 
higher than that of lactate. But since in two out of three experiments 
during which [2-^ C^]- or [3-^ C^]-propionate was infused the specific 
radioactivity of jugular lactate was higher than that of glucose and. 
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furthermore, the incorporation of C-1 of propionate into glucose was 
only about 33% of that of C-2 and C-3 of propionate as compared to an 
expected 50% incorporation, they concluded that up to 70% of the pro­
pionate was metabolized first to lactate before it was converted to glu­
cose. They suggested that the rumen epithelium was the site of this 
apparently extensive conversion of propionate to lactate. This is in 
contrast to results of the present study in which propionate was found to 
enter the portal vein from the ruminoreticulum with only minor or possibly 
no conversion to lactate. Since Leng eit al. (1967) analyzed only jugu­
lar blood they failed to provide direct proof for their proposal that the 
rumen epithelium was the site of propionate metabolism to lactate. 
Extent of butyrate conversion to ketone bodies. For calculating the 
percentage conversion of butyrate to ketone bodies it was assumed first 
that butyrate was metabolized exclusively to ketone bodies, second that 
ketone bodies entering the portal vein from tissues of the gastrointestinal 
tract came only from butyrate metabolism by the epithelium of the 
ruminoreticulum and third that butyrate was absorbed only from the 
ruminoreticulum. How reasonable these assumptions are will be discussed. 
As already discussed a small portion of test solution possibly left 
the ruminoreticulum through the reticulo-omasal orifice during the trials 
and entered the omasum and abomasum. Butyrate absorption from the omasum 
is not expected to influence the results since omasa1 epithelium has been 
shown to possess a metabolic activity toward butyrate similar to 
epithelial tissue of the rumen (Baird eit al. 1970; Hird & Symons, 1959, 
1961; Joyner et 1963; Onodera ^  al. 1964; Pennington, 1952). In 
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the abomasum VFA may be absorbed at rates comparable to those observed in 
the rumen (Engelhardt, Ehrlein & librnicke, 1968; Williams, Hutchings & 
Archer, 1968), but abomasal epithelium does not appear to be a ketogenic 
tissue (Onodera et al. 1964; Pennington, 1952). Baird e^  (1970) 
found that epithelium of the abomasum had only a very low activity of 3-
hydroxy-6-methylglutaryl-CoA synthase compared to forestomach epithelium. 
It is, therefore, to be expected if appreciable amounts of butyrate were 
absorbed from the abomasum, that the percentages of butyrate metabolism 
of Table 6 would underestimate the metabolic capacity of the forestomach 
epithelium. However, as previously discussed, the flow of test solution 
into the abomasum was probably small. VFA are known to be produced in 
the large intestine, but Hungate, Phillips, McGregor, Hungate & Buechner 
(1959) estimated that the amount of VFA produced in cecum and colon is 
less than 5% of the total VFA production in ruminant animals. 
The test solutions contained acetate. Rumen epithelium produces 
ketone bodies during incubations with acetate (Pennington, 1952, 1954; 
Seto et 1955) but not in the presence of propionate (Pennington & 
Pfander, 1957; Seto et al. 1955). In the live ruminant acetate is 
believed to be absorbed from the rumen as such and metabolized only to 
a limited extent (Armstrong, 1965). Pennington (1952) placed a solution 
containing 150mmol/l acetate into the emptied and washed rumen of an 
anesthetized ewe in two experiments and analyzed blood withdrawn from 
a ruminai vein and carotid artery. It could be calculated that the 
contribution of ketone bodies to the venous-arterial differences in 
acetate plus ketone bodies was only about 0.4 and 5%. Leng & West (1969) 
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found In fed sheep that the majority of ketone bodies arose from rumen 
butyrate with only small contributions from either acetate or long-chain 
fatty acids. They estimated that less than 5% of the acetate produced in 
the rumen was directly metabolized to ketone bodies. Joyner et al. (1963) 
injected [l-^ C^]acetate into the omasum of calves and found that acetate 
was apparently absorbed from the omasum as such without conversion to 
3-hydroxybutyrate. Thus ketone bodies entering the portal vein from the 
gastrointestinal tract can be assumed to be produced almost exclusively 
from butyrate that is absorbed and metabolized by forestomach epithelium. 
If the forestomach epithelium oxidized butyrate extensively to 
acetate or carbon dioxide via the tricarboxylic acid cycle, the relative 
extents of butyrate conversion to ketone bodies calculated for the ten 
trials in the present study would be too high since absorbed butyrate 
entering the portal vein in form of acetate or carbon dioxide were not 
determined. An average venous-arterial difference of 4ml of carbon dioxide 
per 100ml of blood (Guyton, 1966) was calculated to correspond to a P-A 
difference of about 450ymol of butyrate per liter. Stevens & Stettler 
(1966b) found that less than 10% of butyrate was metabolized to products 
other than ketone bodies during its transport across rumen epithelium 
in vitro. Hird & Symons (1959, 1961) reported that during incubations of 
omasal and ruminai epithelium only about 2% (range 0.3-5.6%) of the 
butyrate present were oxidized to carbon dioxide and, therefore, suggested 
that the epithelial metabolism of butyrate is concerned primarily with 
the production of ketone bodies. 
Ramsey and coworkers (Ramsey & Davis, 1965; Taylor & Ramsey, 1965) 
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suggested that both ^  vivo and vitro rumen epithelium of goats 
apparently oxidized a portion of butyrate to acetate and then possibly to 
carbon dioxide via the tricarboxylic acid cycle. They observed that 
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radioactivity of [1- Cjbutyrate was transferred into lactate, produced 
from propionate, either by carbon dioxide fixation or via succinyl-CoA. 
The extent of this pathway not only remained unknown but also is incon­
clusive with regard to a net oxidation of butyrate to carbon dioxide. 
Firstly, in the conversion of [1-^ C^]butyrate to ketone bodies C-1 and C-2 
of butyrate may pass through an endogenous pool of acetyl-CoA and secondly, 
acetoacetate may spontaneously decarboxylate to acetone and carbon dioxide 
(Hird & Symons, 1961). Hodson et al. (1965) found little conversion of 
[3-^ C^]butyrate to acetate during absorption from the rumen of live 
calves and strongly suggested that butyrate was metabolized primarily to 
ketone bodies. Rumen epithelium may not oxidize ketone bodies since its 
capacity to oxidize g-hydroxybutyrate was found to be low (Leng & 
Annison, 1964). 
The observed effects of pH and VFA concentration of the test solutions 
on the relative extents of butyrate conversion to ketone bodies in this 
study are considered to be mediated through their marked Influence on the 
rates of VFA absorption. Portal concentrations and P-A concentration 
differences of butyrate were appreciable in several trials, especially in 
those conducted with test solutions of low pH and high VFA concentration. 
Several Investigators found only low or negligible concentrations of 
butyrate in ruminai or portal vein blood of sheep, goats or cattle kept 
under fairly normal feeding regimes (Annison et al. 1957; Cook & Miller, 
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1965; Sasaki et al. 1969; Shoji et al. 1964). Their results, therefore, 
indicate a nearly complete metabolism of butyrate during absorption, 
though the levele of butyrate in the rumen were appreciable in some cases. 
Hodson et al. (1965) also reported an almost 100% conversion of butyrate 
to ketone bodies in two experiments during which Krebs-Ringer solutions 
containing 20mmol of butyrate per liter were placed into the emptied and 
washed rumen of calves. 
In the present study butyrate concentration was 11.25, 22.50 and 
33.75ramol/l in the test solutions of 75, 150 and 225mmol/l VFA, respec­
tively. But the percentages of its conversion to ketone bodies ranged 
from 33 to only about 78%. This is in contrast to the foregoing reports 
that indicated nearly complete conversion of butyrate to ketone bodies. 
But in one of the reports (Cook & Miller, 1965) in which significant levels 
of butyrate were usually not found in blood, appreciable concentrations of 
butyrate did show up in the ruminai vein (up to 640wmol/l) and also in the 
portal vein (up to 140ymol/l) of several sheep that were fed hay and con­
centrate, when butyrate in the rumen fluid reached levels of about 
20mmol/l. Rather high levels of butyrate were found in ruminai or portal 
vein whenever butyrate was added to the rumen digesta (Annison e^  al. 
1957; Cook & Miller, 1965). Pennington (1952) placed test solutions 
containing 150mmol of butyrate per liter into the emptied and washed-out 
rumen of a ewe and measured the concentrations of both butyrate and ketone 
bodies in carotid artery and ruminai vein. Percentage conversions of 
butyrate to ketone bodies computed from his data by calculations analogous 
to those applied in the present study were found to range from about 16 
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to 34%. Since the butyrate concentration of the test solution used in the 
experiments by Pennington (1952) was unusually high,it is not surprising 
that the range of calculated percent-conversions of butyrate was less than 
half of that observed in the present study. 
When Annison e^  (1957) administered hourly doses of SOmmol of 
butyrate intraruminally to sheep, concentrations of butyrate in the rumen 
were well correlated with the levels found in the portal vein, but only 
poorly correlated with the levels of ketone bodies. Cook & Miller (1965) 
also noted in their butyrate trials that 3-hydroxybutyrate concentrations 
in portal and ruminai veins did not increase in amounts expected. Stevens 
& Stettler (1966a) studied the transport of VFA across rumen epithelium 
in vitro and observed that raising the butyrate concentration on the 
papillae side from 30 to 90mmol/l or lowering the pH of the bathing 
solution from 7.4 to 6.4 stimulated butyrate absorption by the epithelium. 
However increased butyrate absorption resulted only in an Increased trans­
port of butyrate as such across the epithelium and not in a greater pro­
duction of ketone bodies. 
The results of the previous three groups of investigators are strongly 
supported by observations made in the present study. Portal levels and 
P-A differences in butyrate were influenced by pH and VFA concentration 
of the test solutions and were correlated well with the observed absorp­
tion rates of butyrate. However the P-A differences in ketone bodies 
were not correlated with the rates of butyrate absorption and also varied 
little in response to the treatments. Thus the absolute amount of 
butyrate converted to ketone bodies was apparently fairly constant. But 
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since the rates at which butyrate was absorbed changed with the different 
test solutions,the relative extents of butyrate metabolism during absorp­
tion varied. Consequently, the percentages of butyrate conversion to 
ketone bodies are negatively correlated with the rates of its absorption 
from the ruminoreticulum. 
Stevens & Stettler (1966a) suggested that the enzyme system responsible 
for butyrate metabolism may become saturated at low concentrations of 
butyrate, and results of the present study support their view of a limited 
metabolic capacity in the rumen epithelium. Baird et_ (1970) found 
g-hydroxy-G-methylglutaryl-CoA synthase to be the least active among the 
enzymes involved in ketogenesis from butyrate and, therefore, proposed 
that it may be this enzyme that catalyzes a rate-limiting step in the 
formation of ketone bodies from butyrate. Several observations of the 
present study indicate that the extent of propionate conversion to lactate 
by epithelium of the ruminoreticulum ^  vivo is apparently also limited. 
The P-A concentration differences in lactate varied little in spite of 
marked changes in rate of propionate absorption. Furthermore, it was 
estimated that the amount of radioactive lactate entering the portal 
circulation from tissues of the gastrointestinal tract was reasonably 
constant in most trials. The rates of propionate absorption were cor­
related with portal concentrations and P-A concentration differences of 
propionate but not with the P-A differences in lactate concentration. 
Furthermore, the estimated 'Zero-time' percentages of propionate conver­
sion to lactate were negatively correlated with the rates of propionate 
absorption. Finally, the relative extents to which propionate ('Zero-time') 
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and butyrate were apparently metabolized during their absorption tend to 
be correlated with each other (r-0.59, P<0.10). 
The major circulating ketone body in blood of sheep and cattle is 
6-hydroxyLutyrate (Balrd ^  al. 1968; Clark & Malan, 1956; Koundakjian & 
Snoswell, 1970; Roe et al» 1966; Thin & Robertson, 1953). Of the total 
ketone bodies present in blood, 3-hydroxybutyrate was reported to account 
for more than 80% in sheep (Leng, 1965) and calves (Hodson e^  a^ . 1965). 
These observations are supported by the present study in which 83-93% of 
the total ketone bodies of arterial and portal blood were 3-hydroxybutyrate. 
During ^  vitro incubations rumen epithelium produces primarily 
acetoacetate and acetone (Hodsonal. 1967; Pennington, 1952; Sutton 
et al. 1963b; Walker & Simmonds, 1962). Leng & West (1969) suggested 
that the ^  vivo reduction of acetoacetate to 3-hydroxybutyrate probably 
occurs in the liver. Indeed, Balrd eit al. (1968) found that the [3-
hydroxybutyrate]/[acetoacetate] ratio was higher in the liver than in 
plasma of non-ketotlc cows. But 3-hydroxybutyric dehydrogenase activity 
appears to be absent in hepatic mitochondria (Koundakjian & Snoswell, 
1970; Nielsen & Fleischer, 1969) and relatively low in the cytosol of 
sheep and cow liver (Koundakjian & Snoswell, 1970). Furthermore, the re­
sults by Hodson et (1965) and of the present work show that in calves 
about three fourths of the P-A concentration differences in ketone bodies 
are accounted for by 3-hydroxybutyrate. Thus the majority of acetoacetate 
is reduced before reaching the liver. Since Clark & Malan (1956) had 
observed that acetoacetate ethyl ester was rapidly converted to 
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3-hydroxybutyrate when injected into peripheral blood of sheep or when 
incubated with blood ^  vitro. Hods on ^  al. (1965) suggested that the 
reduction of acetoacetate possibly occurs in the blood. But the conver­
sion could also occur in the rumen epithelium since $-hydroxybutyric 
dehydrogenase activity has been demonstrated histochemically (Hodson e^  al. 
1967; deLahunta, 1965) and enzymatically (Koundakj ian & Snoswell, 1970). 
Hird & Weidemann (1964b) proposed that rumen epithelium could obtain 
a major portion of its energy supply from the conversion of butyrate to 
ketone bodies. Assuming that two high-energy phosphates can be produced 
from FADH2 and three from NADH, epithelial tissue could derive a net 
yield of three high-energy phosphates from the oxidation of butyrate to 
acetoacetate. As rumen epithelium, however, reduces acetoacetate to 
3-hydroxybutyrate, NADH is used in the reduction and is not available for 
the production of high-energy phosphates. It is possible that 3-hydroxy-
butyric dehydrogenase is involved in maintaining a favorable [NAD+]/[NADH] 
ratio and in regulating the energy supply in the rumen epithelium. 
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SUMMARY 
1. The relative extents to which propionate and butyrate are 
metabolized during their absorption by the epithelium of the rumino-
retlculum were measured in ten vivo trials with three Holstein calves 
weighing 225-250kg. Each calf had a rumen fistula, an aortic and a por­
tal catheter, and a re-entrant duodenal cannula. 
2. Volatile fatty acid (VFA) absorption from the emptied and washed-
out ruminoreticulum was measured in duplicate for two solutions containing 
150mmol/l total VFA at pH 7.2 and 4.8 and for three solutions containing 
75, 150 and 225mmol/l total VFA at pH 6.0. All test solutions contained 
acetate, [2-^ C^]propionate and butyrate in a molar ratio of 60:25:15. 
Rates at which the VFA were absorbed from 18 liters of test solution 
averaged 16.6(range 7.1-25.0), 8.6(3.7-14.2) and 6.2(2.4-11.2)mmol/l per 
45min for acetate, propionate and butyrate, respectively. Absorption 
rates were affected by pH and VFA concentration. The three VFA were 
absorbed at relative rates in the order of butyric > propionic > acetic 
at pH 4.8 and 6.0, but at about equal relative rates at pH 7.2. 
3. Portal-arterial (P-A) differences in propionate and butyrate 
concentrations averaged 446(282-718) and 131(26-277)vimol/l of blood, 
respectively. The differences varied in response to pH and VFA concen­
tration in the ruminoreticulum and were positively correlated with rates 
of absorption. P-A differences in lactate and ketone body (acetoacetate 
plus acetone and 3-hydroxybutyrate) concentrations varied relatively 
little and averaged 75(45-123) and 105 (78-152)jimol/l of blood, respec­
tively. They were not influenced by pH and VFA concentration and were 
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not correlated with the absorption rates of propionate and butyrate, 
respectively. 3-Hydroxybutyrate accounted for 74(69-82)% of the P-A 
differences in ketone bodies. 
4. The relative extent of propionate conversion to lactate, calcu­
lated from concentration and specific radioactivity values of propionate 
and lactate in portal and arterial blood, averaged 4.9(2.5-9.1)%. If 
[^ C^]succinate formed from [2-^ C^]propionate completes a turn of the 
tricarboxylic acid cycle before lactate is formed, some would be lost 
and the extent of propionate conversion to lactate would be underestimated, 
but would not exceed an average of 15.2%. Since circulating glucose 
synthesized from propionate had a higher specific radioactivity than 
arterial lactate and was apparently metabolized to lactate by tissues of 
the gastrointestinal tract, the conversion of propionate to lactate was 
overestimated and corrected to average about 2.3(1.0-4.6)%. 
5. The relative extent of butyrate conversion to ketone bodies, 
calculated from P-A differences in butyrate and ketone body concentra­
tions, averaged 49(33-78)%. 
6. The relative extents of propionate and butyrate conversion varied 
in response to pH and VFA concentration of the test solutions and were 
negatively correlated with their rates of absorption from the rumino-
reticulum. The results support the concept that the capacity of the 
epithelium of the ruminant forestomach to metabolize VFA is limited. 
63 
REFERENCES 
Aafjes, J. H. (1967). Z. Tlerphysiol. Tierernahr. Futtermittelk. 22, 69. 
Annison, E. F., Hill, K. J. & Lewis, D. (1957). Biochem. J. 66, 592. 
Annison, E. F., Leng, R. A., Lindsay, D. B. & White, R. R. (1963). 
Biochem. J. 88, 248. 
Armstrong, D. G. (1965). In Physiology of Digestion in the Ruminant, 
p. 272. Ed. by Dougherty, R. W., Allen, R. S., Burroughs, W., 
Jacobson, N. L. & McGilliard, A. D. Washington : Butterworths. 
Ash, R. W. (1962). Animal Prod. 309. 
Baird, G. D., Hibbit, K. G., Hunter, G. D., Lund, P., Stubbs, M. & Krebs, 
H. A. (1968). .-ochem. J. 107, 683. 
Baird, G. D., Hibbit, K. G. & Lee, J. (1970). Biochem. J. 117, 703. 
Balch, C. C., Balch, D. A., Bartlett, S., Bartrum, M. P., Johnson, V. W., 
Rowland, J. & Turner, J. (1955). J. Dairy Res. 22, 270. 
Balch, D. A. & Rowland, S. J. (1957). Br. J. Nutr. 11, 288. 
Bensadoun, A., Cushman, L. L. & Reid, J. T. (1966). Fed. Proc. 25, 
543 (abstract). 
Bensadoun, A. & Ichhponani, J. S. (1968). Proc. Cornell Nutr. Conf. 
Feed Mfrs, p. 115. 
Bensadoun, A., Paladines* 0. L. & Reid, J. T. (1962). J. Dairy Sci. 45, 
1203. 
Bergman, E. N., Katz, M. L. & Kaufman, C. F. (1970). Am. J. Physiol. 
219, 785. 
Bergman, E. N., Reid, R. S., Murray, M. G., Brockway, J. M. & Whitelaw, 
F. G. (1965). Biochem. J. 97, 53. 
Briggs, P. K., Hogan, J. P. & Reid, R. L. (1957). Aust. J. agric. Res. 
8, 674. 
Brown, G. F., Armstrong, D. G. & MacRae, J. C. (1968). Br. vet. J. 
124, 78. 
Brown, R. E., Davis, C. L., Staubus, J. R. & Nelson, W. 0. (1960). 
J. Dairy Sci. 43, 1788. 
64 
Bruno, G. A. & Christian, J. E. (1961). Analyt. Chem. 33, 1216. 
Casjens, S. R. & Morris, A. J. (1965). Biochim. biophys. Acta, 108, 677. 
Clark, R. & Malan, J. R. (1956). Onderstepoort J. vet. Rfs. 27, 101. 
Conner, G. H. & Fries, G. F. (1960). Am. J. vet. Res. 1028. 
Cook, R. M., Liu, S.-C. C. & Quraishi, S. (1969). Biochem. J. 2966. 
Cook, R. M. & Miller, L. D. (1965). J. Dairy Soi. 48, 1339. 
Danielli, J. F., Hitchcock, M. W. S., Marshall, R. A. & Phillipson, A. T. 
(1945). J. exp. Biol. 22, 75. 
deLahunta, A. (1965), Am. J. vet. Res. 26, 1013. 
Dougherty, R. W. (1955). Cornell Vet. 45, 331. 
Dunlop, R. H., Hammond, P. B. & Stevens, C. E. (1964). Fed. Proc. 23, 
262 (abstract). 
Engelhardt, W. v., Ehrlein, H.-J. & Hornicke, H. (1968). Q. J. exp. 
Physiol. 53, 282. 
Folin, 0. & Wu, H. (1919). J. biol. Chem. 38, 81. 
Guyton, A. C. (1966). Textbook of Medical Physiology, 3rd éd., pp. 426, 
585. Philadelphia: W. B. Saunders Company. 
Hird, F. J. R. & Symons, R. H. (1959). Biochim. biophys. Acta, 35, 422. 
Hird, F. J. R. & Symons, R. H. (1961). Biochim. biophys. Acta, 46, 457. 
Hird, F. J. R. & Weidemann, M. J. (1964a). Biochem. J. 92, 585. 
Hird, F. J. R. & Weidemann, M. J. (1964b). Biochem. J. 93, 423. 
Hodson, H. H., McGilliard, A. D., Jacobson, N. L. & Allen, R. S. (1965). 
J. Dairy Sci. 48, 1652. 
Hodson, H. H., Thomas, R. J., McGilliard, A. D., Jacobson, N. L. & 
Allen, R. S. (1967). J. Dairy Sci. 50, 534. 
Hohorst, H.-J. (1965). In Methods of Enzymatic Analysis, p. 266. Ed. 
by Bergmeyer, H.-U. New York. Academic Press. 
Hungate, R. E. (1966). The Rumen and its Microbes, pp. 196, 199. 
New York: Academic Press. 
65 
Hungate, R. E., Mah, R. A. & Slmesen, M. (1961). Appl. Microbiol. 2» 
554. 
Hungate, R. E., Phillips, G. D., McGregor, A., Hungate, D. P. & Buechner, 
H. K. (1959). Science, N. Y., 130, 1192. 
Jones, G. B. (1965). Analyt. Biochem. 12, 249. 
Joyner, A. E., Kesler, E. M. & Holter, J. B. (1963). J. Dairy Sci. 46, 
1106. 
Kampen, E. J. van & Zijlstra, W. G. (1961). Clin. chim. Acta, 538. 
Katz, M. L. & Bergman, E. N. (1969). Am. J. Physiol. 216, 953. 
Koundakjian, P. P. & Snoswell, A. M. (1970). Biochem. J. 119, 49. 
Leng, R. A. (1965). Res. vet. Sci. 433. 
Leng, R. A. & Annison, E. F. (1963). Biochem. J. 86, 319. 
Leng, R. A. & Annison, E. F. (1964). Biochem. J. 90, 464. 
Leng, R. A. & Brett, D. J. (1966). Br. J. Nutr. 20, 541. 
Leng, R. A. & Leonard, G. J. (1965). Br. J. Nutr. 19, 469. 
Leng, R. A., Steel, J. W. & Luick, J. R. (1967). Biochem. J. 103, 785. 
Leng, R. A. & West, C. E. (1969). Res. vet. Sci. 10, 57. 
Mackenzie, D. D. S. (1967). J. Dairy Sci. 50, 1772. 
Malawer, S. J. & Powell, D. W. (1967). Gastroenterology, 53, 250. 
Mayfield, E. D., Smith, J. L. & Johnson, B. C. (1965). J. Dairy Sci. 
93. 
McCarthy, R. D., Shaw, J. C., McCarthy, J. L., Lakshmanan, S. & Holter, 
J. B. (1958). Proc. Soc. exp. Biol. Med. 99. 556. 
McGilliard, A. D. (1971). J. appl. Physiol (in press). 
Nielsen, N. C. & Fleischer, S. (1969). Science, N. Y., 166, 1017. 
Olson, J. D., Dougherty, R. W. & Bond, K. (1967). Cornell Vet. 57, 171. 
Onodera, R., Tsuda, T. & Umezu, M. (1964). Tohoku J. agric. Res. 15, 99. 
66 
Pennington, R. J. (1952). Biochem. J. 51, 251. 
Pennington, R. J. (1954). Biochem. J. 410. 
Pennington, R. J. & Pfander, W. H. (1957). Biochem. J. 65, 109. 
Pennington, R. J. & Sutherland, T. M. (1956a). Biochem. J. 63, 353. 
Pennington, R. J. & Sutherland, T. M. (1956b). Biochem. J. 63, 618. 
Pfander, W. H. & Phillipson, A. T. (1953). J. Physiol. 122, 102. 
Ramsey, H. A. (1963). J. Dairy Sci. 46, 480. 
Ramsey, H. A. & Davis, C. L. (1965). J. Dairy Sci. 48, 381. 
Roe, W. E., Bergman, E. N. & Kon, K. (1966). Am. J. vet. Res. 27, 729. 
Sasaki, Y. (1969a). Jap. J. zootech. Sci. 40, 229. 
Sasaki, Y. (1969b). Jap. J. zootech. Sci. 40, 266. 
Sasaki, Y., Takeshita, K., Watanabe, S. & Asai, T. (1969). Jap. J. 
zootech. Sci. 40, 139. 
Seto, K., Tsuda, T., Ambo, K. & Umezu, M. (1957). Seikagaku 29, 17 
(abstract in Chem. Abstr. 54, 7851h, 1960). 
Seto, K., Tsuda, T= & Umezu, M. (1955). Tohoku J. agric. Res. 91. 
Shoji, Y., Miyazaki, K. & Umezu, M. (1964). Tohoku J. agric. Res. 15, 
91. 
Smith, E. E., Goetsch, G. D. & Jackson, H. D. (1961). Archs Biochem. 
Biophys. 95, 256. 
Srivastava, L. M. & Hubscher, G. (1966). Biochem. J. 100, 458. 
Steel, R. G. D. & Torrie, J. H. (1960). Principles and Procedures of 
Statistics. New York: McGraw-Hill Book Company. 
Stevens, C. E. & Stettler, B. K. (1966a). Am. J. Physiol. 210, 365. 
Stevens, C. E. & Stettler, B. K. (1966b). Am. J. Physiol. 211, R264. 
Stewart, W. E., Stewart, D. G. & Schultz, L. H. (1958). J. Animal Sci. 
17, 723. 
67 
Sutton, J. D., McGilliard, A. D. & Jacobson, N. L. (1963a). J. Dairy 
Sci. 46, 426. 
Sutton, J. D., McGilliard, A. D., Richard, M. & Jacobson, N. L. (1963b). 
J. Dairy Sci. 46, 530. 
Taylor, T. A. & Ramsey, H. A. (1965). J. Dairy Sci. 48, 505. 
Thin, C. & Robertson, A. (1953). J. comp. Path. 184. 
Waldem, D. E. (1963). Diss. Abstr. 22» 2281. 
Walker, D. M. & Simmonds, R. A. (1962). J. agric. Sci. 59, 375. 
Weigand, E., Young, J. W. & Jacobson, N. L. (1967). J. Dairy Sci. 50, 
1003 (abstract). 
Williams, V. J., Hutchings, T. R. & Archer, K. A. (1968). Aust. J. 
biol. Sci. 89. 
Williams, V. J. & Mackenzie D. D. S. (1965). Aust. J. biol. Sci. 18, 
917. 
Williamson, D. H. & Mellanby, J. (1965). In Methods of Enzymatic 
Analysis, p. 459. Ed. by Bergmeyer, H.-U. New York: Academic Press. 
Young, J. W., Thorp, S. L. & De Lumen, H. Z. (1969). Biochem. J. 114, 
83. 
68 
ACKNOWLEDGMENTS 
I wish to express my sincere appreciation and gratitude to my aca­
demic advisor Dr. J. W. Young for his invaluable guidance and encourage­
ment throughout my program of study at Iowa State University, for his 
ever ready assistance in planning and conducting my research and for his 
critical evaluation of this dissertation. I am deeply indebted to 
Dr. A. D. McGilliard for excellent advice and assistance during my re­
search endeavors and especially for his admirable skill in performing the 
necessary experimental surgery. I am grateful to my fellow graduate 
students, Messrs. John Peters, Dale Romsos, John Thornton, Paul Wangsness 
and Kenneth Wiggers, for their help during experiments. I wish to thank­
fully acknowledge the patient and competent help that I received from 
Mrs. Marlene Richard, Mrs. Ann Zimmerli and Mr. Steven Hankins during the 
laboratory analyses. 
This research was supported in part by USPHS, NIH Grants HE-04969 
and M-10706. 
69 
APPENDIX 
Appendix table 1. Concentrations and specific radioactivities of blood constituents in trial 1 
Calf: 6172 Test solution: pH 4.8; total VFA concentration 150mmol/l 
Concentration In blood 
Samp­
ling 
time 
Aceto-
Pro- acetate g-Hydroxy-
plonate Lactate Butyrate + acetone butyrate 
Hemo-
globln 
Specific radioactivity 
Pro-
Blood pionatt! Lactate 
min mg/lOOml "Vmol/l- d.p.m./ml d.p.m./pmol— 
Pre* P^  — — - - - - - - -
A^  - - - - - — — — 
5 P 11.50 733 406 343 104 796 946 496 43 
A 11.44 106 328 117 70 727 619 312 31 
10 P 11.16 552 400 270 102 844 1143 578 53 
A 11.23 90 348 81 67 751 842 256 39 
15 P 11.18 645 440 289 108 828 1446 579 64 
A 11.20 67 348 66 62 755 999 291 45 
20 P 10.10 634 410 269 95 832 1441 572 65 
A 10.27 52 321 64 62 735 979 268 42 
30 P 10.22 946 454 412 89 723 1674 577 86 
A 10.26 49 376 51 52 601 1138 215 53 
45 P 10.25 635 546 285 69 593 1915 631 106 
A 10.26 47 420 45 52 479 1378 238 85 
o 
*Blood sampled before the rumlnoretlculum was emptied of digesta in preparation for the trial. 
^Portal blood . 
Arterial blood. 
Appendix table 2. Concentrations and specific radioactivities of blood constituents in trial 2 
Calf: 6172 Test solution: pU 7.2; total VFA concentration 15Clnunol/l 
Concentration in blood 
Samp­
ling 
time 
Aceto-
Hemo- Pro- acetate 3~Hydroxy-
globln pionate Lactate Butyrate + acetone butyrate 
Specific radioactivity 
Pro-
Blood pionate Lactate 
mln mg/100ml nimol/1- d.p.m./ml d.p.m./ymol— 
Pre^  pb - - - - - - - - -
A'^  — — — - - — - - -
5 P 12.57 369 407 57 46 300 552 372 21 
A 12.18 21 331 30 28 219 428 159 8 
10 P 12.19 396 411 64 62 333 654 375 30 
A 11.87 20 345 33 30 276 497 158 15 
15 P 12.04 334 487 56 61 369 769 371 35 
A 12.25 22 352 34 25 296 660 200 17 
20 P 12.31 334 156 51 50 390 801 336 47 
A 12.38 29 342 26 19 284 645 127 20 
30 P 12. A2 339 483 52 54 398 971 405 58 
A 12.38 33 404 24 18 300 854 162 29 
45 P 12.64 223 556 48 49 357 1098 314 60 
A 12.58 29 462 22 23 329 1037 90 45 
^Blood sampled before the rumlnoretlculum was emptied of dlgesta in preparation for the trial. 
^Portal blood. 
^Arterial blood. 
Appendix table 3. Concentrations and-specific radioactivities of blood constituents in trial 3 
Calf; 6184 Test solution: pH 7.2; total VFA concentration 150mmol/l 
Concentration in blood Specific radioactivity 
Samp­
ling 
time 
Hemo­
globin 
Pro­
pionate Lactate Butyrate 
Aceto-
acetate 
+ acetone 
g-Hydroxy-
butyrate Blood 
Pro­
pionate Lactate 
min mg/100ml Umol/1- - d.p.m./ml d • p •!& ./ymol— 
Pre* P" 9.95 229 422 99 80 568 — - -
A^  9.44 14 270 58 37 374 - - -
5 P 9.96 489 488 120 61 438 2083 1754 68 
A 10.08 29 357 55 33 365 1116 787 42 
10 P 9.76 454 549 109 63 446 2695 1949 113 
A 9.73 36 360 35 31 361 1703 681 44 
15 P 9.60 394 434 95 80 423 2723 1744 147 
A 9.66 31 395 48 31 374 2271 833 81 
20 P 
A -
- -
- -
- -
-
-
30 P 9.73 333 546 104 52 422 4229 2022 245 
A 9.77 24 454 56 20 337 3566 632 163 
45 P 9.80 392 566 115 53 455 5356 1994 337 
A 9.79 29 403 54 36 337 4512 645 230 
^Blood sampled before the ruminoreticulum was emptied of digesta in preparation for the trial • 
^Portal blood. 
^Arterial blood. 
Appendix table 4. Concentrations and specific radioactivities of blood constituents in trial 4 
Calf: 6184 Test solution: pH 4.8; total VFA concentration 150inmol/l 
Concentration in blood Specific radioactivity 
Samp- Aceto-
ling Hemo- Pro- acetate 3-Hydroxy- Pro-
time Rlobin pionate Lactate Butyrate 4- acetone butyraf.e Blood pionate Lactate 
min mg/100ml ymol/1 d.p.m./ml d .p.m. ./pmol-
Pre^  p" 8.86 136 442 86 66 398 - - -
8.95 20 358 53 47 357 — — — 
5 P 9.46 1014 556 478 82 621 3524 2071 129 
A 9.52 145 469 97 54 528 1857 1510 117 
10 F 9.48 824 560 359 94 609 3794 1993 120 
A 9.52 136 469 75 86 536 2540 885 72 
15 P 9.55 836 545 354 97 633 4500 1902 144 
A 9.44 116 473 101 50 528 3049 827 86 
20 P 9.46 866 553 374 80 650 5147 2020 206 
A 9.44 142 450 90 33 524 3676 1102 164 
30 P 9.56 808 564 309 78 645 5980 1885 230 
A 9.47 98 465 66 52 520 4552 1282 197 
45 P 9.39 672 560 265 73 593 6744 1830 359 
A 9.47 72 457 47 45 495 5713 1139 319 
^Blood sampled before the rumlnoreticulum was emptied of digesta in preparation for the trial. 
^Portal blood. 
^Arterial blood. 
Appendix table 5. Concentrations and specific radioactivities of blood constituents in trial 5 
Calf: 6184 Test solution: pH 6.0; total VFA concentration 150mmol/l 
Concentration in blood Specific radioactivity 
Samp­
ling 
time 
Hemo­
globin 
Pro­
pionate Lactate Butyrate 
Aceto-
acetate 
+ acetone 
3-Hydroxy-
butyrate Blood 
Pro­
pionate Lactate 
min 
Pre^  
mg/100ml 
9.60 
9.42 
• d.p.m./ml ,/pmol— 
P" 
A^  
146 
29 
443 
433 
• ymol/1 
91 
44 
56 
46 
601 
589 
Q » p • ID • 
5 P 
A 
9.80 
9.71 
513 
75 
537 
497 
185 
41 
74 
40 
463 
406 
855 
496 
841 
591 
44 
32 
10 P 
A 
9.52 
9.46 
467 
64 
578 
497 
160 
25 
68 
34 
467 
418 
1134 
810 
765 
606 
52 
43 
15 P 
A 
9.31 
9.52 
424 
57 
580 
537 
150 
26 
106 
88 
483 
426 
1201 
951 
744 
430 
72 
56 
20 P 
A 
9.32 
9.39 
396 
51 
611 
551 
152 
18 
74 
73 
499 
438 
1455 
1194 
779 
511 
93 
78 
30 P 
A 
9.33 
9.41 
463 
41 
642 
537 
156 
10 
69 
61 
568 
483 
1786 
1440 
832 
682 
130 
101 
45 P 
A 
9.35 
9.36 
428 
41 
642 
537 
139 
14 
68 
52 
580 
489 
2232 
1883 
859 
524 
156 
142 
^Blood sampled before the rumlnoreticulum was emptied of digesta in preparation for the trial. 
^Portal blood • 
^Arterial blood. 
Appendix table 6. Concentrations and specific radioactivities of blood constituents in trial 6 
Calf: 6184 Test solution: pH 6.0; total VFA concentration 75mmol/l 
Concentration in blood Specific radioactivity 
Samp­
ling 
time 
Hemo­
globin 
Pro­
pionate Lactate Butyrate 
Aceto-
acetate 
+ acetone 
g-Hydroxy-
butyrate Blood 
Pro­
pionate Lactate 
mln mg/lOOml nmol/1- • d.p.m./ml d.p.m ./pmol— 
Pre^  9.94 119 431 81 57 406 - - -
A": 9.39 6 414 36 50 382 - - — 
5 P 9.36 328 344 96 55 198 765 696 63 
A 9.42 32 276 28 32 140 436 324 30 
10 P 9.05 347 344 114 45 252 1240 1078 99 
A 9.11 30 276 30 33 170 884 467 55 
15 P 8.99 319 347 119 54 280 1524 1034 121 
A 8.99 38 286 34 36 207 1318 441 103 
20 P 8.86 301 377 119 45 280 1856 945 148 
A 8.87 35 320 31 28 215 1591 531 121 
30 P 8.69 310 411 137 47 308 2235 1059 205 
A 8.76 37 357 48 34 235 2004 747 163 
45 P 8.87 286 458 121 48 321 2904 727 247 
A 8.79 26 384 46 40 248 2701 416 226 
*Blood sampled before the rumlnoretlculum was emptied of dlgesta in preparation for the trial. 
^Portal blood. 
^Arterial blood. 
Appendix table 7. Concentrations and specific radioactivities of blood constituents in trial 7 
Calf: 6184 Test solution: pH 6.0; total VFA concentration 225tnmol/l 
Concentration in blood Specific radioactivity 
Samp­
ling 
time 
Hemo­
globin 
Pro­
pionate Lactate Butyrate 
Aceto-
acetate 
+ acetone 
g-Hydroxy-
butyrate Blood 
Pro­
pionate Lactate 
min mg/100ml vmol/1- d•p•m•/ml d.p.m ./pmol— 
Pre^  pb 8.53 222 499 71 57 374 - - -
A^  8.56 16 436 61 35 300 - - -
5 P 9.25 604 382 212 61 422 662 671 31 
A 9.17 117 338 67 45 365 382 527 22 
10 P 9.33 586 429 196 71 467 896 568 45 
A 9.21 141 396 82 52 422 672 449 41 
15 P 9.31 566 466 225 61 520 1074 565 63 
A 8.98 141 419 60 46 491 856 453 56 
20 P 9.21 457 543 172 59 528 1165 507 72 
A 9.18 145 452 58 45 491 1080 456 65 
30 P 9.22 584 610 186 76 633 1550 592 89 
A 9.24 133 543 73 52 552 1340 525 82 
45 P 9.21 639 677 199 84 633 1929 582 126 
A 9.16 84 620 67 48 532 1617 406 120 
*Blood sampled before the rumlnoretlculum was emptied of digesta in preparation for the trial. 
Portal blood. 
^Arterial blood. 
Appendix table 8. Concentrations and specific radioactivities of blood constituents in trial 8 
Calf: 6110 Test solution: pH 6.0; total Vî'A concentration 75mmol/l 
Concentration in blood Specific radioactivity 
Samp- Aceto-
ling Hemo- Pro- acetate g-Hydroxy- Pro-
tlme glob in pionate Lactate Butyrate + acetone butyrate Blood pionate Lactate 
min mg/lOOml ymol/1 d.p.m./ml d.p •m./pmol— 
Pre® P^  8.37 216 418 90 75 398 — _ M 
A^  8.41 38 416 38 53 349 - -
5 P 8.13 331 399 62 68 304 1011 1704 95 
A 8.15 41 334 19 45 240 502 861 41 
10 P 8.16 389 416 82 71 337 1318 1098 169 
A 8.05 56 348 19 54 276 904 626 121 
15 P 8.19 402 458 74 68 357 1685 1347 209 
A 8.24 54 364 21 47 300 1213 738 140 
20 P 8.16 565 458 109 64 313 1868 857 209 
A 8.35 98 370 22 40 252 1418 600 174 
30 P 8.22 600 451 104 58 374 2354 1185 273 
A 8.23 63 383 13 42 280 191.4 728 206 
45 P — 496 448 82 59 374 2818 945 348 
A 8.23 46 380 11 40 300 2324 223 253 
^Blood sampled before the ruminoretlculum was emptied of digesta in preparation for the trial. 
^Portal blood. 
^Arterial blood. 
Appendix table 9. Concentrations and specific radioactivities of blood constituents In trial 9 
Calf: 6110 Test solution: pH 6.0; total VFA concentration 150nunol/l 
Concentration in blood Specific radioactivity 
Samp- Aceto-
ling Hemo- Pro- acetate g-Hydroxy- Pro-
time globin pionate Lactate Butyrate + acetone butyrate Blood pionate Lactate 
min mg/lOOml • pmol/1 d # p # m # /inX d.p .m./wmol-
Pre^  P" 9.18 181 461 79 56 325 — _ — 
A^  9.24 40 406 37 46 300 - - -
5 P 9.25 497 559 122 57 333 694 893 39 
A 9.41 91 508 32 35 284 390 626 33 
10 P 9.22 347 549 119 57 345 757 593 58 
A 9.26 103 518 44 38 313 634 521 52 
15 P 9.28 390 552 116 58 378 1083 643 71 
A 9.25 93 528 39 43 325 896 495 55 
20 P 9.27 575 572 142 72 402 1508 916 104 
A 9.24 98 508 42 47 321 1028 529 89 
30 P 9.28 355 538 108 58 410 1563 738 122 
A 9.27 74 491 50 38 357 1344 569 112 
45 P 578 562 142 84 475 2189 917 175 
A 9.20 90 494 45 41 414 1741 528 148 
^Blood sampled before the ruminoreticulum was emptied of digesta in preparation for the trial • 
^Portal blood. 
^Arterial blood. 
Appendix table 10. Concentrations and specific radioactivities of blood constituents in trial 10 
Calf: 6110 Test solution: pH 6.0; total VFA concentration 225mmol/l 
Concentration in blood Specific radioactivity 
Samp­
ling 
time 
Hemo­
globin 
Pro­
pionate Lactate Butyrate 
Aceto-
acetate 
+ acetone 
g-Hydroxy-
butyrate Blood 
Pro­
pionate 
1 
Lactate 
min 
Pre* 
mg/100ml 
10.33 
10.35 
• d.p.m./ml . /pmol— 
P" 
A^  
196 
13 
261 
211 
Vimol/l 
60 
13 
49 
34 
264 
219 
d • p • (U1 
5 P 
A 
10.71 
10.68 
461 
26 
298 
258 
169 
23 
66 
38 
345 
276 
449 
213 
565 
206 
28 
11 
10 P 
A 
10.64 
10.57 
550 
33 
288 
238 
214 
26 
77 
42 
374 
300 
694 
386 
554 
251 
38 
16 
15 P 
A 
10.83 
10.67 
581 
37 
315 
258 
249 
27 
86 
48 
418 
284 
914 
553 
604 
259 
49 
27 
20 P 
A 
10.97 
10.88 
738 
35 
298 
245 
294 
32 
102 
32 
446 
300 
1125 
703 
732 
301 
69 
37 
30 P 
A 
10.94 
11.03 
550 
30 
332 
292 
230 
20 
88 
38 
463 
365 
1247 
959 
569 
457 
67 
43 
45 P 
A 
10.94 
10.82 
550 
26 
412 
382 
217 
15 
82 
42 
467 
341 
1542 
1281 
555 
165 
65 
44 
*Blood sampled before the ruminoreticulum was emptied of digesta in preparation for the trial • 
Portal blood. 
^Arterial blood. 
